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1 . 0  INTRODUCTION 

Low frequency p r e s s u r e  o s c i l l a t i o n s  (LFO), which a r e  t h e  
s u b j e c t  of t h i s  s tudy ,  have been observed d u r i n g  t h e  Apol.10 
praogram on both  t h e  SPS and APS engines .  These o s c i l l a t i o n s  
normally d i s p l a y  a  p e r i o d i c  frequency.  The ampl i tude t e n d s  t o  
increase  and dec rease  i n  such a  manner t h a t  t h e  envelope of t h e  
p ressure / t ime  in s t rumen ta t i on  r e c o r d i n g s  t e n d  t o  d e s c r i b e  a  shape 
s i m i l a r  t o  t ' f o o t b a l l s ' t .  The gene ra l  c h a r a c t e r i s t i c s  of  t h e s e  
o s c i l l a t i o n s  a r e  ampl i tudes  of  10 t o  50 p s i ,  p e r i o d i c  f r e q u e n c i e s  
r ang ing  from 300 t o  500 Hz, and d u r a t i o n s  from 0 . 1  t o  2 .0  seconds .  
If t h e  o s c i l l a t i o n s  occur ,  t hey  g e n e r a l l y  occur  immediately a f t e r  
t h e  s t a r t  t r a n s i e n t  overshoot .  The occur rence  of  t h e  o s c i l l a t i o n s  
appea r s  t o  be ve ry  s e n s i t i v e  t o  t h e  amount o f  helium conta ined  i n  
t h e  f u e l .  Under extreme o p e r a t i ~ g  c o n d i t i o n s  of  helium s a t u r a t i o n  
and chamber p r e s s u r e ,  t h e  s t a r t  " f o o t b a l l "  d i d  n o t  dampen, r e s u l t i n g  
i n  s u s t a i n e d  o s c i l l a t i o n s .  

T h i s  s tudy  wa,s under taken t o  i s o l a t e  and i d e n t i f y  t h e  
paramete rs  which c o n t r o l  t h e  occurrence of  LFO. 

The o b j e c t i v b  of t h e  first ppase of t h i s  c o n t r a c t  was t o  
u t i l i z e  t h e  a p p l i c a b l e  t e s t  d a t a  ga the red  a t  B e l l  Aerospace Company 
d u r i n g  t h e  development of t h e  LM Ascent eng ine  t o  ach ieve  such 
cor re l . a t ions .  The o b j e c t i v e  of t h e  second phase was t o  modify 
p r e v i o u s l y  developed.analogue models t o  make them c o n s i s t e n t  
w i t h  t h e  obse rva t ions  and c o r r e l a t i o n s  d e r i v e d  i n  Phase I .  

T h i s  document p r e s e n t s  t h e  r e s u l t s  o f  t h e  Phase I e f f o r t .  
The e f f o r t  i n c l u d e s  a  d a t a  review and a n a l y s i s  a s  wel l  a s  an 
assessment  of t h e  changes r e q u i r e d  t o  upda te  t h e  analogue model. 
Phase I of t h e  program h a s <  been subdivided i n t o  f i v e  t a s k s  ( A  , 
through E ) .  These t a s k s  were a s  fo l l ows :  

Task A - Review and C o r r e l a t i o n  of P a s t  Engine Tes t  Data 

T h i s  t a s k  c o n s i s t e d  of a  review of t h e  engine  
d a t a  genera ted  d u r i n g  t h e  Ascent engine develop- 
ment program. The purpose of t h i s  d a t a  review was 
t o  determine t h e  r e l a t i o n  between LFOts and 
o p e r a t i n g  parameters .  
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Task 3 - Review and Analysis of Photographic Studies 

This task consisted of review and analysis of 
the photographic coverage of tests conducted on 
a sidgle element LM type triplet with and without 

i 

helium injection. The intent of this effort was 
to determine the effect of helium on the operating 
characteristics of the triplet tested. 

Task C - Definition of Controlling Parameters and Basic 
Mechanisms 

1 
This task consists of applying the controlling 
parameters (defined in Tasks A and B) and 
determining the mechanisms creating LFOfs. These 
theories were then tested to be appiicable for 
use wiQh the analogue model. 

Task D - Analogue Model Analysis 
This task consists of reviewing applicable analogue 
models: This consisted primarily of an evaluation 
of the BAC model used to analyze LFO's during the 
ascent engine development program in terms o r  its 
basic capabilities to predict the controlling 
parameters determined in Task A. The identification 
of required changes were to serve as the basis for - 
the Task E recommendations. 

Task E - Conclusions and Recommendations 

This task provides the rationale for additional 
work to be conducted in the area of LFO simulations. 

This portion of the ,report is a summary of the Phase I - 
information; the details for each task are reported in individual 
appendices. The recommendations and conclusions (Task E) are 
included in a separate section. 
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2.0 SUMMARY 

A critical analysis of the data generated during the Bell 
Aerospace Company's. LM Ascent Engine Development Program was 
conducted to isolate and correlate the circumstances under which 
low frequency oscillations were noted. 

Previous analysis conducted duying the development program 
had indicated that sensitivity was a function of the fuel propel- 
lant circuit, chamber pressure (for a fixed configuration), and 
the qua,ntity of helium in the fuel. The fuel circuit was 
identified as a controlling parameter in a series of tests where 
helium was injected into the individual propellant lines. No 
significant response was detected from the oxidizer system-while , 

injection of helium into the fuel system proddced LFO1s. 

There appear to be discrete fuel pressure drop values below 
which LFO1s are always produced. The specific value is related 
to the helium saturation of the fuel. This critical pressure (CAP) 
is also influepced by tQe particular cell in which the tests 
were conducted. At an overall injector pressure drop below 27 
psi, all injectors tested produced a start "football". It was 
determined furthermore that the pressure drop across the injector 
orifices is the most sensitive portion of the overall value. An 
orifice critical pressbre drop value of appro~imately 21 psi was 
found to exist when the propellants were sathrated with helium at 
the maximum LM tank pressure level. , , 

The available data were derived from tests in which 
propellants containing substantial amount of helium were used. 
Sustained LFO1s were not found with propellants that had not 
been exposed to an helium pressure environment above chamber 
pressure. Furthermore, it was observed that "footballs" become 
more predominant as pressurization methods were used which would 
trap or contain greater quantities of helium. 

A significant amount of evidence is evolving which indicates 
that, at least over pertinent portions of the operating regime, 
the critical pressure drop and the local gas evolution potential 
are directly related. This means that the critical pressure drop 
increases as the helium satura,tion level of the fueJ. circuit is 
increased. 

In terms of these observations, one can t.herefore propose 
an explanation for the occurrence of start "footballsf', whieh 
must answer sucki questions as: Why are "~ootballs" of limited 
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time duration and how are they related to continuous low frequency 
oscillations? It can be shown that the start "football" is 
representative of the period of time when "dirty" fuel, produced 
by the outgassing during the transient period, passes through the 
injector. Obviousl.y, the lower the initial saturation level of 
the propellant, the smaller is the likelihood of a transient 
11 football" and vice versa. ' The cross-correlationship between the 
injector pressure drop and the level of "dirtiness" of the pro- 
pellant becomes evident from such observations that for the same 
injector configuration, the start "football" duration at the same 
chamber pressure would increase as the helium saturation level 
iz increased; similarly it also increases as the chamber pressure 
is decreased for propellants conditioned to the same saturation 
value. The same general relationship has also been observed for 
continuous oscillations. Below a given critical pressure drop, 
stabilization cannot be achieved if a saturation level correspond- 
ing to 190 psi exists in the fuel; however, normal operation 
proceeds if the saturation level is, for example, lowered to 140 
psi. It would appear, theref'ore, that the start "football" and 
the continuous oscillations are aspects of the same mechanism. 
In either case, they represent states when the orifice pressure 
drop of the injector becomes too low to stabilize the existing 
level of "dirtiness" of the fuel passing through the injeqtor. 
In either case, thermodynamic states exist where large evolution 
of helium can occur, For the start "football", this is caused 
ty the temporary low ambient pressure seen during the start 
transient by the propellant downstream of thebtrim orifices. The 
saturation levels at which continuous oscillations have been 
observed correspond to conditions,where gas evolution can readily 
occur as pressure drops are encountered anywhere in the system. 
It appears that a functional relationship exists, at ranges of 
helium saturation which allow local tpo-phase condition at the 
injector orifices to occur, which takes the form 

where 

CAp is the critical orifice pressure drop. 

PP 
is the local gas evolution potential. ' 

K is a constant for a given injector. 

F represents a function 



BELL AEROSPACE COMPANY 

The examination of the photographfc data for the single 
element combustion sheds further light on these considerations. 
When helium was injected into the upstream fuel circuit, oscilla- 
tions in the liquid streams, the impingin'g point and the combustion 
pattern could be observed. These oscillations were not at the 
same frequency as the main chamber LFOts, however the existence 
of the osci,-lations suggests that the coupling between the injector 
orifice flow and the combustion is the mechanism producing the 
sustained oscillations and that the gas (helium) content is the 
sustaining trigger. 

The examination of the Bell Analogue Model indicated that 
while LFO1s could be produced by manipulation of injector drop 
and propellant acoustic velocity assumption, a critical pressure 
drop value could not be derived. The inclusion of this cciteria 
into the model then became the recommendation for the Phase I1 
effort. The additional recommendations include a further examina- 
tion of the method of coupling producing the sustained o~cillations. 
The three methods of coupling suggested for further examination 
include: 

1. As a result of helium evolution, the discharge 
coefficient, C , of the fuel injection orifices 
changes discon?inuously at 'a given value of back 
pressure or AP. The resultant stream emission 
oscillation produces a~variable rate of combustion. 

\ 

2. As a result of helium evolution, element blow apart, 
changing the combustion rate and spatial location, 
occurs in a discrete manner as the pressure drop or 
velocity of the fuel jet varies. 

3. The fuel propellant manifold upstream of the propellant 
orifices and the combustion reaction zone form a 
resonant system. The free gas content in the fuel 
modifies the acoustic velocity of the fluid. 

The portion of this program devoted to the analyses of 
applicable analogue models was conducted exclusively on the 
analogue model constructed by BAC and utilized to investigate 
the LFO phenomena during the LM ascent engine development program. 

The review and analysis of this model has indicated its 
ability to provide corre1atit)n with test data in the following 
areas: 

1, Simulate the LFO Er)eyuency, 
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2, Correlate with fuel system variations and LFO 
occurrence, 

3. Correlate the observation that increased chamber , 

pressure reduces LFO incidence. 

The BAC analogue model has also been shown to have the ability 
of simulating what the work statement defines as basic require- 
ments of a model. These requirements include the ability of 
the model to simulate the following conditions and parameters. 

a. Helium saturated propellants. 

b. The pressure drops and volumes in various parts 
of the injector. 

c. The pressure drops and volumes in various parts1 
of the propellant feed lines, valve, and test 
stand. 

d. Changes in operating conditions such as mixture 
ratio, chamber pressure, propellant temperatures, 
acoustic velocities, Impingement angles,fuel and 
oxidizer propc?llants leads ., 

e. Combustion dynamics such as prbpellant stay times, 
combustion i,gnition delay. 
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As discussed previously, it had been established as a 
result of tests conducted during the LM ascent engine develop- 
ment program that the occurrence of low frequency chamber 
pressure oscillations are related to the fuel propellant circuit 
and become more sensitive at low chamber pressure and in the 
presence of helium in the fuel. Utilizing this information, 
the existing test data were reviewed and correlations attempted 
in order to define the controlling parameters and the basic , 

mechanisms that produce the low frequency oscillations. 

Analysis Results of Task A 

This effort consisted of the review and -correlation of 
past engine data. During this task, many correlations were 
attempted in order to isolate the variables that influence the 
occurrence of both start and continuous low frequency oscilla- 
tions. The approach taken was to examine the components and 
variables of the fuel circuit and assess their influence insofar 
as this was possible with tile existing data. The subdivisions 
of the fuel circuit examined are as follows: 

I 

A. Injector Influence 

11 MBnifold type 
2 Manifold volume J 

 drop I 

B. Feed System Inf'lucric~es - 
Line length 
Line volume 
Line pressure drop 

4) Prepurge 
5) System response 

1) Chamber pressure 
2) Feed pressure 

Propellant temperature 
Mixture ratio 
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D, Helium Influences -- 
Helium injection 
Circulation method 

The only significant correlation relative to injector 
influences which could be established was with fuel injector 
pressure drop. This correlation showed that within a given test 
cell with a given type of helium gas saturation, low frequency 
oscillations were eliminated when the fuel injector pressure 
drop was increased above a critical~value (~igure 1). This 
value of fuel injector pressure drop was independent of injector 
manifold volume, manifold type, baffle type, oxidizer lead, flow 
rate or design pressure drop. Figure 2 indicates the extremes 
analyzed in injector type. 

I 

The value of critical fuel pressure drop was influenced by 
ihe particular test cell used. Figure 3 is a plot of critical 
fuel pressure drop for each test cell. The analysis conducted 
to determine the test cqll feed s stem influences (extreme in 
feed system are shown in Figure 47 indicated that ,the most 
significant correlation was with the system response parameters 
of fuel feed pressure recovery time and fuel transient flow 
(~igure 5). These effects are *understandable when one examines 
the variations in system response noted in the fuel feed pressure 
Figure 6. 

The test ckll effect Mas considered to be the result of 
the low static pqessure the fuel encounters immedtately after 
opening the propellant valve. As the fuel is accelerated the 
line pressure decreases until a limiting flow is established. 
The static pressure at this fTow condition is substantially lower than 
tank pressure and often below chamber pressure. If gas is 
entrained at a tank pressure value of saturation, the lower 
pressure would allow the gas to come out of solution, producing 
an oscillating injection of gas and fuel. The qualifying 
influence is the rate the gas goes back into solution after the 
initial chamber pressure rise. The entrained gas in the fuel 
at start was affected by the response of the test cell and was 
considered totally responsible for the different start respcnse 
traces shown in Figure 6. 

The operating conditions analyzed failed to yield additional 
correlations. The propellant temperature did appear to be an 
influencing parameter; however, these data were masked by the 
difference between hardware temperature and propellant temperature. 
The tests conducted with off-nominal propellant temperatures did 
nct incorporate hardware temperature conditioning. Therefore, 
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the effect of the propellant temperature was masked by the 
nonequilibrium heat transfer condition taking place during the 
start transient. 

The examination of the helium saturation methods Figure 7) 
showed a significant variation in test results (Figure $1. The 
examination of Figure 8 indicates that no continuous LFOts 
would be expected under normal circumstances if a saturation 
pressure of 50 psi were used. The figure also shows that a 
LFO would be expected for a saturation pressure of 190 psi when 
the flow rates (AP) was reduced below 4.2 lb/sec. 

Examination of data from various types of injectors 
tested at the 190 psi saturation level has defined the value 
of the critical pressure drop at which continuous low frequency 
oscillations are produced. Figure 9 is a tabulation of these 
injectors and their pressure drops during continuous low 
frequency oscillations. From this figure we can see that the 
injection orifice pressuFe drop is approximately 21 psi for all 
units examined. 

On this basis some concluding observation~s were listed 
related to helium saturation. These observations are as 
follows: 

1. Continuous LFO for the same configuration, tested 
at the same facility, disappear as the helium 
saturation level is decreased. 

2. Start LFO at the same operating test conditions get 
longer as the saturation level increases. 

3. During a given test, an LFO was initiated and 
terminated at a discrete injector AP. 

4. It appears that a critical AP (CAP) exists that is 
related to the gas evolution potential ( P  ) in the 
form P 

where F(P~) = F indicates a function of 
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Task B of the contract consisted of a review and analysis 
of the photographic studies, conducted during the LM ascent 
engine development program. These Qere high speed photography 
of a single triplet (two fuel on one oxidizer) of the type used 
on the BAC injector. The objective of this test series was to 
observe the effect when helium was injected into the fuel. 
During the test program, three conditions were examined: 

I. Triplet with no helium injection. 

2. Triplet with 0.1 percent helium injection in the'fuel. 

3. Triplet with 0.2 percent helium injection in the fuel. 

The film generated during the above t'ests was examined 
frame by frame and measurements were made in the areas of the 
liquid jet, the impingement area and the fan breakup zone to 
determine any variations due to helium injection. 

The examination of these films yielded many interesting 
observations (~igure 10). The visual review of the data clearly 
indicated a significant variation in the thrke cases. With no 
helium injection the liquid jets were steady with no apparent 
pulsing or oscillations. The impingement point showed steady 
impingement at a constant height, and the,fan breakup was steady 
with the breakup area (assutned to be the point where the fan 
became transparent') steady and nonoscillating. The results with 
0.1 percent helium yielded a significant variation in all areas 
examined. The liquid jets indic6ted an oscillatory and pulsing 
phenomena with the average stream diameter being much smaller. 
The impingement point show@ a movement on the average away from 
the injector and appeared to oscillate in a periodic manner. 
The fan breakup was also moved downstream and oscillated at a 
rate of 1000 cps (~igure 11). The results with 0.2 percent 
helium showed again a drastic change in characteristics. The 
liquid jets were smaller in diameter1 than the no helium and the 
0.1 percent helium although now the streams were steady with no 
indications of pulsing or oscillation. The impingement point 
was moved further downstream and the post impingement fan 
breakup appears to be retarded. This is surmised on the basis 
of the complete lack of any,observable fan breakup. 
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In order to determine further if a predominant f'requency 
could be defined in the impingement point fluctuations under 
the 0.1 percent condition, a frame-by-frame analysis was conducted. 
The data for this comparison were collected by measuring the 
impingement distance on two-hundred consecutive frames for the 
no-helium and the 0.1 percent helium cases. A Fourier analysis 
was conducted on the tabulated measurements. The results of the 
Fourier analysis indicated that some frequency components in the 
Ll00 cps range were identifiable in the 0.1 percent case while 
none were noted in the no-helium case (~igure 12). The frequency 
data generated for the 0.1 percent helium case was compared to 
the frequency content of a typical LFO measured during engine 
testing. Figure 13 shows this comparison. It is interesting to 
note that the frequency content iq almost identical. 

It can therefore bg concluded that the helium injected 
into the fuel has the following effects. 

1. Reduces the liquid stream diameter and causes the 
streams to pulse. ~xerks a significant effect -on the appearance 
of the fuel jets. At one condition of injection rate (0.1 percent) 
the jet diakneter undergoes nearly periodic diameter variations. 
At larger values of!helium injection (0.2 percent) the flow 
appears steady. However, the jet diameter is considerably smaller 
than under no-helium injection condi~ions. 

2. Influences the steadiness and possibly the nature of 
the triplet impingement. 'one level of helium injection (0.1 
percent) produced oscillatory variations in impimgement that 
contained the same frequency content of an engine produced LFO. 

3. Effects the Fan Breakup, 
, \ 

The correlation of the observed data provides an 
indication that, for the particular, configuration to which these 
data apply, a definite relationship exists between the critical 
pressure drop and the gas evolution potential. Although the latter 
term cannot be quantitatively defined at this time, it is observed 
that periodic, low frequency oscillations will be maintained. at 
levels below a given critical steady-state injector pressure drop 
when the fuel has been condEtioned to a saturation point corres- 
ponding to 190 psi at a given temperature. These oscillations 
will not be maintained in the identical hardware and operating 
conditions if the saturation conditions are decreased to a value 
like 140 psi, which is lower than the interface pressure at the 
valve inlet but, of course, higher than the nominal chamber pressure 
of 120 psi, In addition, it appears from the successive movie 
frames t h a t  the fhel j e h  impingement point and reaction zone 
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luminosity are significantly affected by injection of helium. 
With these observations in hand, one can speculate on the potential 
interactions which can establish the feed back mechanism to 
sustain a periodic oscillatory phenomenon of more or less constant 
frequency. This frequency, ranging somewhere in the vicinity of 
300 to 400 cps, can be approximated by the flight time periodicity 
of the fuel jets by dividing the jet velocity by twice the distance 
from the orifice entrance to the impingement point. 

Three possible feedback mechanisms have been hypothesized; 
all are based on the premise that the gas evolution influences 
the specific operating variables indicated. 

1. The discharge coefficient for a fuel jet, having a 
given helium gas evolution potential, changes discontinuous1 at 
a given value of instantaneous back pressure of AP (flipping . 3 

2. Triplet blow-apart, which changes the combustion rate 
and spatial location, occurs in a discrete manner as the instan- 
taneous pressure drop or velocity of a fuel jet of given gas evolu- 
tion potential varies. 

3. The reaction zone and the liquid volume of the fuel 
orifices form a resonant system at given levels of gas evolution 
potentials. The latter quantity can be considered as a measure 
of fuel acoustic velocity. In this particular model, the higher 
AP would be considered strictly as increased resistance. 

It might be helpful to elaborate briefly on some of the 
considerations which underlined these three models. 

a. Ca Variation 
. - 
- 

NO experimental data are available to us which 
would confirm the hypothesis t1;2t "flipping" of a jet of high 
gas evolution potential occur? discretely at given levels of 
pressure drop. To a large extent, this hypothesis evolved from 
the observations on the photog~~aphs. It should be noted in 
passing. that Northup of G. E. ( ~ e f .  Flow Stability of Small 
Jets: paper - ASME November 1()58)! found that the "flipping" 
characteristics or an orifice \,me significantly affected when 
it effluxed into a helium atmosphe3e compared to a nitrogen one. 

It is well known from the work of other investigators 
that blow-apart of reactive jets can occur when sufficient time 
exists for the production of vapors prior to impingement, There- 
fore, one cannot rule Out the possibility that liquid jets having 
such a high gas evolution potential as the ones which we are dis- 
cussing could produce the same mechanism. It is not clear at 
the moment how the change in jet velocity would modify this par- 
ticular type of blow-apart. 
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c , Combust-ion Feed System Interact ion 

It is, of course, possible that the combustion 
can couple with a fuel fluid volume to establish the r5ght time 
relationship to sustain a conti-nuous oscillation. In this case, 
the gas evolution potential of the fuel would establish the 
acoustic velocity of the fluid and the pressure drop across the 
orifice would be modeled as a value of resistance. We know, off 
course, that the complete feed system does not enter into this 
coupling mechanism since more or less the same frequency is 
obtained in test cells having widely varying configurations; 
however, it is possible that a specific volume within the 
injector, such as the injector orifices, could establish such a 
coupling mechanism. 

Task D - The Analysis of Applicable A.nal-ogue Models 
The review and analysis of this model has indicated its 

ability to provide correlation with test data in the following 
areas: 

1. Simulate the LFO frequency. 

2. Correlate with fuel system variations and LFO 
occurrence. 

3. Correlate that increased chamber pressure reduced LFO 
incidence. 

The BAC analogue model has also been shown to have the ability 
of simulating what the work statement defines as basic require- 
ments of a model. These requirements include the ability of the 
model to simulate the following conditions and parameters. 

a. . Helium saturate(. propellants. 

b. ' The pressure drops and volumes in various parts 
the injectors. 

c. The pressure drops and volumes in various parts of 
the propellant feed lines, valve, and test stand. 

d. Changes in operating conditions such as mixture 
ratio, chamber pressure, propellant temperatures, 
acoustic velocities, impingement angles, fuel and 
oxidizer propellant leads. 

e, Combustion d-ynamics such as propellant stay times, 
combustion ignition delay, 
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Review of the analogue model results, conducted during the 
ascent engine development program, show that this model will 
produce LFOts when the fuel flow is reduced and that LFO1s will - 
be produced when the chamber pressure is reduced (~igure 14). 
These results indicate that the model is in fact capable of 
producing LFO1s; however, additional refinements will be required 
in order to produce these LFO's at conditions equal to those 
noted in engine test. 
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4-0 CONCLUSIONS AND RECOmENDATIONS 

The examination of the LM development program test data 
confirmed that the low frequency oscillations on this program 
were controlled by the fuel circuit and more precisely by the 
pressure drop of the fuel injection orifices. Below a fuel 
injection orifice pressure drop of 21 psi, the oscillations were 
continuous when helium saturation at maximum tank pressure was 
maintained. At values between 21 psi to approximately 29 psi 
(38 psi AP injector) the oscillations were discontinuous with 
durations not exceeding 2 seconds. Above an injection orifice 
pressure drop of 29 psi, few oscillations were noted and these 
were attributed. to test procedures in which unusual amounts of 
gas could be trapped in the fuel line. 

Although the test data produced an operational limit, the 
mechanism producing the oscillations was not defined. Three 
mechanisms which might influence the oscillations were hypothesized. 
These mechanisms were: 

1. Resonant coupling between the feed system and the 
combustion zone. 

2. Blow apart of the fuel/ox streams amplified by a 
change in helium content. 

3. A change in C d  at the orifice where a condition 
similar to "flip" may produce an oscillating mass/ 
breakup pattern. 

Examination of the Ball analogue model showed that a low 
frequency oscillation could be produced when programmed discon- 
tinuities as inputs were arbitrarily added. The need to input 
these discontinuities to prod~lce an oscillation describes a limi- 
tation of the model which should be updated. An examination of 
the analogue model indicated that refinements could be made 
that would spontaneously produce a oscillatory condition related 
to the LM development experience. 

The conclusion that the combustion oscillations were related 
to fuel injection mechanism aqd that the exact mechanism of 
producing the oscillations was unknown, led to the recommendations 
for further evaluation of the program. 
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The analogue model should be modified to include 
the limit of 21 psi pressure drop across the injection orifices. 
This can be accomplished in the model by increasing the 
"combustion frequency" and modifying the "injector" to include a 
coupling cond-ition with the combustion zone. The injector 
modification should be examined for inclusion of either the 
digital injector model or the simulation of the injector by an 
orifice and resonant cavity rather than the currently used orifice 
representation. 

b. Blow Apart Experimental Examination 

The mechanism of blow apart as related to helium 
content should be examined. It is proposed that single injection 
element flow (photographic) tests be conducted where the helium 
content can be well controlled. 

Cd Evaluation Related to a  lip"^ Condition - 

The influence of helium conteht on "flip" should 
be examined and it is sugges7,;ed that it also be done by use 
of photography and injectors with fuel (single) elements. The 
study would be directed toward determining the extent, if any, . 
that the fuel stream oscillated with a varying content of heliux. 
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APPENDIX I 

TASK A - DATA REVIEW AND CORRELATION 
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A .  ANALYSIS OF START iiFOOTBALLSri I N  TEST CELLS 3DE AND 2DW 

1. T e s t  C e l l  3DE ( ~ o r i z o n t a l  Sea Level  T e s t  S t a n d )  

Review of t h e  t e s t i n g  conducted d u r i n g  t h e  LM s t a b i l i t y  
program revea l ed  t h a t  v a r i o u s  conf i -gura t ions  of  i n j e c t o r s  were 
t e s t e d  i n  t h i s  f a c i l i t y .  I n  o r d e r  t o  d e f i n e  i f  i n j e c t o r  conf igura -  
t i o n  e f f e c t e d  t h e  occurrence of  " s t a r t  f o o t b a l l s " ,  d a t a  from t h e  
u n i t s  l i s t e d  on Table  I was i n v e s t i g a t e d .  

The t e s t  d a t a  used t o  e v a l u a t e  was ob t a ined  from t h e  
fol . lowing sou rces  and was conf ined  t o  p r o p e l l a n t  t empera tures  
from 60 t o  80°p. 

I n j e c t o r  T e s t  
S/N Number Data Sources  

B3-L7 3DE 972-984 Tabula ted  d a t a  from C e l l  3DE and 
o s c i l l o g r a p h  r e c o r d s  

BlOA 3DE 930-946 Tabula ted  d a t a  from C e l l  3DE and 
o s c i l l o g r a p h  r e c o r d s  

ElE-13 3DE 1350-1368 Tabulated d a t a  from C e l l  3DE t a b -  
u l a t e d  f o o t b a l l  d a t a  

E2B-5D 3DE 988-1014 Tabulated d a t a  from C e l l  3DE dnd 
o s c i l l o g r a p h  r e c o r d s  

E2B-12F 3DE 1103-1112 Tabulated d a t a  from C e l l  3DE and 
o s c i l l o g r a p h  r e c o r d s  

Ana lys i s  of  t h e  t a b u l a t e d  t e s t  d a t a  (Tab le s  2-4) i n d i c a t e d  some 
va r i ance  i n  t h e  f u e l  flow d a t a  t h a t  could be due t o  t h e  hand 
r e d u c t i o n  of  o s c i l l o g r a p h  r eco rds .  I n  o r d e r  t o  d e f i n e  more 
a c c u r a t e l y  f u e l  flow, p l o t s  o f  f u e l  f eed  p r e s s u r e  v s  f u e l  f low 
r a t e  f o r  each u n i t  was made, F igu re  1-1-1-3, A b e s t  f i t  l i n e  was, 
p laced through t h e  da t a  p o i n t s  and f u e l  f lows  were c o r r e c t e d  f o r  
f e e d  p r e s s u r e .  Tab les  2-4 r e f l e c t s  c o r r e c t e d  f u e l  f low r a t e .  
The d a t a  from t h e  Tables  was then  p l o t t e d  a s  f u n c t i o n s  of c o r r e c t e d  
f u e l  f low r a t e  vs s t a r t  f o o t b a l l  d u r a t i o n  f o r  each i n j e c t o r  
( ~ i g u r e s  1-14-1-6) and a  composiie p l o t  wi th  t h e  same paramete rs  was 
made ( ~ i g u r e  1-7) us ing  t h e  besi  f i t  l i n e  f'rom each i n d i v i d u a l  
i l l j e c t o r  p l o t .  F igure  1-7 shows s i g n i f i c a n t  v a r i a t i o n  i n  t h e  f u e l  
f ' l o ~  r e q u i r e d  t o  e l i m i n a t e  t h e  s t a r t  " f o o t b a l l s " ,  
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1x1 order to define if the vari-ation in the configuration 
of the injectors or the injector pressure drop was the cause of 
the football "break point" difference, the pressure drop was cal- 

f! culated for each injector at the football breakpoint". The 
following is a tabulation of corrected fuel injector pressupe 
drops. 

B3-L7 36.0 
BlOA 
E1E-113 38*4 Fuel injector AP at which 
E2B-5D 38.5 38*5 footballs start 

Average 

TEST CELL 2DW (vertical Test stand) 

Review of the testing conducted in this test cell indicated 
that of the data available only the E2C type injector could be 
examined for start footballs in test cell 2DW. The E2C injectors 
examined,incorporated a three leg propellant cooled Y baffle, 
had a double pass peripheral torus fuel manifold with 51.7 cubic 
inches of volume. The injector design incorporated 84 primary 
triplets and 81 barrier doublets. This injector has an oxidizer 
lead. The fuel pressure drops at rated flow (4.396 lb/sec*) 
were as f'ollows: 

E2C-38 L 27.1 psi 
E~C-38 0 27.1 psi 
E~C-40 B 28.5 psi 
E~C-58 28.5 psi 

The test data used ko evaluate these units was obtained from 
the following sources and was confined to propellant temperatures , 

of GO-80~3'. 

Injector 
S/N 

Test 
Number Data Sources 

E2C-38 L 2DW 434-448 Tabulated data from cell 2DW 
and oscillograph records 

2DW 500-516 1 1  

2DW 591-608 Tabulated dated from test Cell 
2DIIJ and tabulated football data 

E~C-58 2DW 709-748 Tabulated data from test cell 
2DW and tabulated football data 



TABLE 5 

FOOTBALL DURATION RUN 
NO. FFP - 



TABLE 6 

RUIli 
NO. - FFP 

START 
F O O T B A L L  D U R A T I O N  

- 
No Data 

- 



TABLE 7 

RUN 
NO. - FFP 

148.5 
148.2 
146.8 
147.8 
166.1 
165.5 
166.6 
164~5 
161.8 
162.5 
163.5 

- 

163.1 
181.8 

W 
f c o r r  

S T A R T  
FOOTBALL D U R A T I O N  

N o  Data 
160 

0 
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The same method of correcting fuel flow rate was used for 
the 2DW evaluation as was previously described for cell 3DE. 
Figures 1-8 thru 1-10 show the data plots dsed to obtain corrected 
fuel flow. The tabulated test data, including corrected fuel 
flow, is presented in Tables 5 through 7. This data was then 
re-examined by plotting fuel flow rate (corrected) vs start 
football duration (~igure 1-11 thru 1-12). It is interesting to note 
the E2C-38 data obtained on test series conducted at different 
times show almost perfect agreement (~igure 1-11). To compare this 
data with that of 3DE, the injector pressure drops were again 
calculated at the "football breakpoint". These drops are as 
follows: 

E2C-38L 31.6 Fuel injector AP at 
E~C-380 3 1  which f'ootballs st:ltr.t 
E~C-LCOB 35.1 

E2C-58 32.9 

Average 32.8 

In order to determine the critical injector pressure 
drop in all test cells utilized during the LM Ascent Engine 
development testing, an analysis has been conducted on injectors 
tested in test cells lBN, 2BE and 3DW. This analysis was conducted 
in the same manner as described in the first monthly progress 
report (i.e. all data at 70°F and fuel flow corrected for fuel 
feed pressure, satura->ion pressure of 50 psi. A word of caution 
must be inserted about the exactness of the 50 psi saturation level. 
Most tests were conditioned to a'desired temperature level at 50 
psi helium. The amount of helium absorption was effected by the 
conditioning time required to obtain this desired temperature, 
Therefore, the amount of helium absorption could vary from run to 
run. This may explain why a few of the tests with 50 psi saturation 
did not produce footballs at values less than CAP, 

The injectors analyzed in these three test cells were 
oxidizer lead injectors, incorporating d-ouble pass toroidal 
manifold and propellant cooled baffles, 
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T e s t  Cell 1BN 

A data survey in test cell 1BN indicated that only 
one injector (E~c-60) was tested in a series that was applicable 
for this analysis. This injector was tested with propellant 
conditioning at 50 psi and propellant flow variations adequate to 
determine the critical pressure drop. The test data used for this 
analysis is as follows: 

Injector Run No. Wf FFP My co Football 
S/N 1RN Test Test for ~ h h  Duration 

All tests with propellant temperatures from 60-80°F. 
Figure 1-13 is a plot of fuel feed pressure vs fuel flow rate test. 
Figure 1-14 is a plot of fuel flow rate corrected vs start football 
duration from this figure we see that the critical fuel flow rate 
is 4,360 #/see which is equivalent to a fuel injector pressure drop 
with this injector of 27.4. 

' b) Test Cell 2BE 

In test cell 2BE data from injectors E2C-38 and 
E~C-60 was analyzed to define critical injector AP as before all 
data was with propellant temperatures from 60-80°F. The data analyzed 
is as follows: 

Wf FFP Wf Football 
Test 
m 4  

Test 
P 

1-50. o 
185.7 
185.7 
148.5 
160,o 

Corr 
3.992 
4.725 
4.725 
3.960 
4.198 
4,680 

Duration Sec. 
.540 
.ls6 
0 

.580 

.536 
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I n j e c t o r  
S/N Test No. 

E ~ C - 6 0  2636 
2637 
2638 

Wf 
T e s t  

4.401 
3.798 
4.463 
4.780 
4.131 
4.991 
4.148 
5.392 
4.626 

FFP 
Test  

163.3 
150.7 
175.5 
182.5 
158.0 
200.4 
168.1 
210.8 
190.4 

Wf 

C o r r  

4.200 
3.932 
4.463 
4.590 
4.090 
4.960 
4.296 
5.392 
4.760 

Footbal l  
Dura.tion, S e c .  

0 

Figure 1-15 shows f u e l  feed pressure vs f u e l  f l o w  r a t e  t e s t ,  f rom t h i s  
f i g u r e  f u e l  f l o w  r a t e  cor rec ted  i s  def ined .  Figure 1-16 i s  a  p l o l  
o f  f u e l  flow r a t e  cor rec ted  v s  - % a r t  f o o t b a l l  dura t ion .  From t h l s  
f i g u r e  we see t h a t  the  average - i . t i ca l  pressure  drop i s  33.6 f o r  i c s t  
c e l l  2BE. 

c )  Test  Ce l l  3DW 

I n  t e s t  c e l l  3DW i n j e c t o r  E2B-22 was used t o  determine 
c r i t i c a l  pressure  drop.  The da ta  used f o r  t h i s  a n a l y s i s  i s  a s  
f o l l o w s :  

I n j e c t o r  RunNo. FFP Wf Wf Footbal l  
s IN L - ..- 3Dw Test - Test  - Corr Duration 
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Injector 
S/N - 

E2R-22F 

Run No. 
3DW ---- 

FFP 
Test 

164~8 
163.4 
164.4 
147.1 
145.7 
145.4 
144.8 
184.1 
183.5 
184.4 
184.1 

Test Corr ~--- 
4.365 
4.338 

Football 
Duration 

.310 

.300 

.280 
,480 
.490 
.590 
.540 . 090 
.I10 
.I40 
.I20 
.330 
.320 

Figures 1-17 & 1-18 are plots of fuel feed pressure vs fuel flow rate 
test and fuel flow rate corrected vs start football duration 
respectively. From Figure 6 we see that the critical pressvre drop 
for this injector in test cell 3DW is 33.8 psi. 

A review of the analysis for critical pressure drop by 
test cell shows the following: 

Test Cell 

2DW 
2BE 
3DE 
3DW 
1BN 

Critical Pressure Drop 

32.8 
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'J. ANALYSIS OF HELIUM SATURATION TYPE AND THE EFFECT ON POST 
START FOOTBALLS 

During the LFO testing in test cell 2DW at Bell Test Center, 
various procedures for saturating the propellants were used. Review 
of these procedures (~igures 1-19 thru 1-22) indicate that various 
amounts of He in solution could be achieved,depending on the 
procedure used. In some cases, the procedure could produce 
supersaturated propellants at test conditions. 

In order to determine if the type of saturation affected 
the post start football on the LM injector, the'data were reviewed 
to find a single injector that had been tested using the four 
types of saturation. It was determined that injector E2CA-113HF 
was the only source of data. The data used for this comparison 
is tabulated in Table 8 and was confined to tests at 70°F. For 
the purpose of this analysis, fuel flowrate was plotted vs, football 
amplitude. Figure 1-23 is a plot of all data available on this 
unit and shows that there is an effect with saturation type. 
Figure 1-24 shows the trends from Figure 1-23 without the data points. 

From this analysis the following hypotheses have been made 
about the saturation types. 

saturation Type IIA 

This type saturates at pressure levels higher than run 
levels, then vents the tank pressure to run conditions. This 
approach conceivably allows the gas to come out of solution and 
be distributed throughout the entire feed system. This would 
create a supersaturated condition. As can be seen from Figure 1-18 
footballs, were created on all tests using this type of saturation 
and there is no amplitude trend with flow changqs. 

2 Type 111 

This type saturates the propellant at 140 psia. This 
pressure is lower than any run pressures used in this test series. 
Therefore, the higher run pressure could create a condition that 
would permit absorption of any gas that might come out of solution 
due to pressure drops in the propellant feed system. Figure 1-24 
shows that no footballs were noted. 

3 .  are similar. This is due to 
the fazt that there is no rapid venting prior to the engine testing, 
Therefore, the system can operate without LFOfs until. it reaches 
its own "~reakpoint", Figure ' 24 shows that Types I and IIB show 
similar trzends. It should be red that the breakpoint is at a 
higher flowrate for Type LIB t n it is for Type I, It could be 
hypothesized that this effect due to more gas being available 
with Type IIB saturation becaucc-> of the higher saturation levels, 
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TENTATIVE: CONCLUSIONS 

1, The method of helium saturation. is an important variable. 

2. The pressure difference between saturation and test 
feed pressure is an important variable. 

3. At conditions of constant saturation level injector 
pressure drop appears to be an important variable. 

a) Analysis of Test Cell Configuration and its Effect 
on Critical Injector Pressure Dron 

In order to determine if the variation in critical 
pressure drop was a function of the test cell configuration the 
variations in the test cell and the start transient hydraulics 
were examined. The test cell diagrams (~BN, 2DW, 3DE and ~ D W )  
are shown in Figures 1-25 thru 1-29. As can be seen from these 
figures the variations in the test cell geometry are substantial. 
In order to define the effects of line length and volume, plots 
were made of these parameters vs critical pressure drop (F-1gure1-30). 
This figure would indicate that the variation in critical pressure 
drop is not a function of physical variations in volume or length. 
In ~rder to determine the effects of system pressure drop, plots 
were made of the start transient fuel feed pressure decay and the 
steady state pressure drop from tank to engine interface (~igure 
1-31). This figure would indicate that the start football break- 
point *is not a function of system pressure drop. Figure 1-32 shows 
plots of fuel overflow and fuel feed pressure recovery time during 
the start transient. This figure would indicate a correlation 
with both parameters when compared to injector critical pressure 
drop. This data would indicate that the fuel velocity during 
the start transient is an important parameter with respect to 
start footballs. It is also interesting to note that in a fixed 
system the flow velocity increases as supply pressure increases, 
this observation agrees with the reduction and elimination of start 
footballs with increased chamber pressure. 

b) Analysis of the Effect of Increased Saturation 
Pressure on Start l~ootballs 

In order to define if the pressure at which the 
propellant is saturated has an effect on the start football 
duration or the injector critical pressure drop the following 
analysis was conducted, 
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1) Test Cell 2DW 

During the engine development testing in Cell 
2DW variations in propellant conditioning pressure were made. 
Irlitially, all propellant conditioning was conducted at 50 psi. 
The start football analysis discussed in the first monthly 
progress report utilized only tests during which the propellant 
conditioning was conducted at 50 psi. This data revealed that the 
critical injector pressure drop for start footballs was 32.8 psi. 
In an attempt to define the critical pressure drop for injectors 
when the propellants are saturated at 190 psi data from testing 
with injectors E2C-113, ~ 2 ~ ~ - 1 4 7  and E~CE-141 was plotted against 
fuel flow rate. This data is plotted in Figure 1-33. Due to the 
lack of data at fuel flow rate above 4.8 pounds per second, the 
data had to be extrapolated in order to predict the critical 
injector pressure drop. This drop is projected to be 40 psi for 
saturation pressure of 190 psi as compared to 32.8 psi for 
saturation pressure of 50 psi. It is also interesting to note 
that the football duration is significantly increased at saturation 
pressures of 190 psi and contindes until the engine shutdown at 
reduced flow rates. 

2) Test Cell 1BN 

In order to collaborate the results noted in 
Cell 2DW, test results in cell 1BN were examined. As previously 
discussed in this report, the injector critical pressure drop 
has been defined at 27.4 psi for saturation pressures of 50 psi. 
Additional data has been examined from tests on injector E2CE-133 
with saturation pressures of 1140 psi. This data is plotted in 
Figure 1-34 and again when conlpared to the 50 psi saturation data 
shows an increase in critical pressure drop; again the increased 
duration football is noted with increased saturation pressure. 
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D. RZ'VIEW AND ANALYSIS OF FIRE TEST DATA I N  TEST CELL 2DW WITH 
INJECTOR E2B-12 

During May and June of 1967, an extensive test program, Table 
9, was conducted with injector E2B-12 in test cell 2DW at Bell 
Test Center. The objective of the test program was to determine the 
operating parameters required to eliminate footballs. Review of 
this data has revealed the following information:. 

1. Post Start Footballs 

During this test program there were no post'start or 
sustained footballs noted. Figure' I-35 is a plot of fuel flowrate 
vs. post start football duration. From this figure we can see 
that no post start footballs were ever noted even at fuel flowrates 
as low as 3.68 lb/sec of fuel (equivalent to injector AP=lg.g). 
However, it should be noted that the maximum pressure and temperature 
used to saturate the propellants was 80 psi and 100°F. The He 
in solution at this pressure and temperature is still less than 
the propellant is capable of absorbing at the feed pressure required 
for the 3.68 lb/sec fire test (FFP = 143.8) and TO0F temperatures. 
Thus, a dependency of saturation level or condition on critical 
pressure drop is clearAy apparent. 

2. Start Footballs 

Following the first few fire tests, staxat footballs were 
noted on all runs at nominal and low pressure. These footballs 
were noted even with many changes to the test cell and engine 
har,dware. These changes were as follows: 

a. Orifices removed from feed system (20 psi at rated) 

b. Orifices removed from engine (16 psi at rated) 

c. Large throated thrust chamber 

Figure 1-36 is a plot ;of fuel f'lowrate vs. start football duration. 
The data plotted shows that the above noted changes had no effect 
on the football "breakpoint" or the duration. It is interesting 
to note that the injector pressure drop at the "breakpoint" fuel 
flow is equal to 29.9 psi which is approximately the same as noted 
in A (32.8). The lower breakpoirlt may be due to the reduced 
saturation level. 
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During t h i s  t e s t  s e r i e s ,  s eve ra l  t e s t s  were conducted 
with He being i n j e c t e d  i n t o  t h e  ox id ize r  and f u e l  feed systems. 
For the  t e s t s  analyzed the  He i n j e c t i o n  pressure  was constant .  

a .  -e H I n j e c t i o n  i n t o  Fuel Feed Line 

Figure 1-37 i s  a  p l o t  of f u e l  feed pressure  vs. f o o t b a l l  
dura t ion .  This p l o t  shows t h a t  He i n j e c t e d  i n t o  t h e  f u e l  feed 
system w i l l  c r e a t e  a  f o o t b a l l  and t h a t  the  dura t ion  of t h e  f o o t b a l l  
appears t o  be dependent on the  feed pressure.  Foo tba l l s  c rea ted  
by i n j e c t i n g  He were very r e p e a t a b l e , a t  t h e  low feed pressure,  
however, a s  the  feed pressure  increa'sed t h e . d u r a t i o n  of t h e  foo t -  
b a l l  decreased. It i s  very poss ib le  t h a t  a s  t h e  feed  pressure  
increases  both t h e  He q u a n t i t y  i n j e c t e d  decreases  and more helium 
goes i n t o  so lu t ion .  Flgure 1-38 which i s  a  p l o t  of f u e l  f l o  and 
f u e l  feed pressure  vs. run  time shows t h a t  a t  approximately 1.0  
seconds t h e  f l o w  and pressure were d is turbed .  This  i s  t h e  time 
t h a t  t h e  He was i n j e c t e d .  

b. ,e H I n j e c t e d  i n t o  Oxidizer Feed Line 

Figure 1-39 i s  a  p l o t  of ox id ize r  feed pressure  vs .  
f o o t b a l l  dura t ion .  A s  can be seen no f o o t b a l l s  were noted dur ing  
He i n j e c t i o n .  Figure 24 i s  % p l o t  of ox id ize r  flow and feed 
pressure  i s  run time. The He was i n j e c t e d  i n t o  t h e  ox id ize r  at 
approximately 7 .0  seconds. The pe r tu rba t ions  noted on Run 124 
a t  4 .0  seconds a r e  due t o  He being i n j e c t e d  i n t o  t h e  f u e l .  

c .  Tenta t ive  

1. The s a t u r a t i o n  l e v e l  of t h e  p rope l l an t  
appears  t o  be t h e  prime f a c t o r  in ,p roduc ing  post s t a r t  f o o t b a l l s .  

2 .  S t a r t  f o o t b a l l s  a r e  a  funct ion  of i n j e c t o r  
pressure  drop. - 

3. The f u e l  s i d e  (-f t h e  i n j e c t o r  i s  s e n s i t i v e  with 
r e spec t  t o  producing f o o t b a l l s .  

4. He content i n  t h e  oxid izer  wi th in  the  range 
t e s t e d  has no s t g n i f i c a n t  e f f e c t  on f o o t b a l l s ,  

5 ,  The absolu te  value of chamber pressure.  
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APPENDIX I1 

TASK B - REVIEW AND ANALYSIS OF PHOTOGRAPHIC STUDIES 
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TASK R - REVIEW AI'JD flNALYSIS OF PHOTOGKAPHIC STUDIES 

The review and a n a l y s i s  of t h e  photographic work conducted 
during t h e  BAC-LM program has been conducted. This review was 
conducted on t h r e e  s p e c i f i c  t e s t s ;  t h e s e  t e s t s  were conducted wi th  
a s i n g l e  primary i n j e c t o r  element c o n s i s t i n g  of two-fuel-on-one 
ox id ize r  o r i f i c e .  , Purpose of t e s t s  were: 

1) Basel ine - Impinging ox id ize r  and f u e l  j e t s  wi th  no helium 
i n  t h e  p rope l l an t  (Figure 11-1). 

2) Nominal 0 .1  percent  by weight of helium - Impinging o x i d i z e r  
and f u e l  j e t s  wi th  helium in jec ted  i n t o  t h e  f u e l  feed l i n e  upstream of 
t h e  i n j e c t o r  (Figure 11,-2). 

-. 

3) Nominal 0.2 percent  by weight of helium - Impinging o x i d i z e r  
and f u e l  j e t s  with helium i n j e c t e d  i n t o  t h e  f u e l  feed  l i n e  upstream of 
t h e  i n j e c t o r  (Figure 1 1 ~ 3 ) .  

It should be noted t h a t  t h e  amount of helium i n j e c t e d  i n t o  t h e  
f u e l  f o r  t e s t s  2 and 3 represents  approximately 100 and 200 t imes 
r e s p e c t i v e l y  t h e  amount of helium present  i n  p rope l l an t s  s a t u r a t e d  a t  
190 p s i  and 70°F. 

The review conducted examined t h e  f i l m  frame by frame, ( t h e  
frames reviewed a r e  shown i n  Figures 11-1 t h r u  11-3 i n  t o t a l  44 frames 
were examined f o r  each c a s e )  f o r  v a r i a t i o n s  with respect  t o  t h e  base- 
l i n e  i n  t h e  fol lowing a r e a s :  

1) ,Liquid J e t s  

a )  Pulsing o r  o s c i l l a t i o n  of t h e  f u e l  j e t s  

b )  Breakup o r  two phase flow 

c )  Expansion and con t rac t ion  of t h e  j e t  

2 )  Impingement 

a )  Var ia t ions  i n  impingement po in t  

b )  Blowapart 

c )  O s c i l l a t i o n s  
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3) Fan (pos t  impingement a,rea) 

a )  Puls ing o r  o s c i l l a t i o n  

b )  Combustion r e t a r d i n g  

Analysis of t h e  f i lms  revealed t h e  fol lowing:  

1) Liquid J e t s  

a )  With no helium i n j e c t i o n , t h e  l i q u i d  j e t s w e r e  r e l a t i v e l y  
s teady and non-pulsing. There was very l i t t l e  expansion o r  con t rac t ion  
of t h e  j e t .  

b) With 0 .1  percent  helium, t h e  l i q u i d  j e t s  pulses  and 
undergoes rapid l o c a l  expansions and con t rac t ions  (diamete-r changes).  
The j e t  i t s e l f  on t h e  average i s  smal ler  i n  diameter than t h e  j e t  
with no helium. 

c )  With 0.2 percent  helium t h e  l i q u i d  j e t s  i s  s teady and 
non-pulsing. However, t h e  j e t  diameter i s  smaller  than wi th  0.1 
percent  helium. 

2 )  Impingement 

a )  With no helium i n j e c t i o n ,  t h e  impingement poin t  has 
some v a r i a t i o n ,  In  order  t o  de f ine  t h e  mean and t h e  amount of 
v a r i a t i o n ,  a p l o t  (Figure 11-4) was made of the  i n t e r s e c t i o n  of r i g h t  
s i d e  f u e l  j e t  with t h e  ox id ize r  j e t .  The measurement was made from 
t h e  i n j e c t o r  f a c e  t o  t h e  lower edce of t h e  f u e l  j e t .  The mean reduced 
I l impingement" poin t  measured on t h e  photographs f o r  no helium i n j e c t i o n  
was 0.120. 

b )  With 0 . 1  percent  helium i n j e c t i o n ,  t h e  impingement 
v a r i a t i o n  (Figure 11-5) i s  much gl-eater than with no helium. The-mean 
impingement poin t  was ca lcu la ted  t o  be 0.152 which i s  about 25 per- 
cent  higher than  wi th  no helium. 

I n  order  t o  determine i f  t h e  impingement v a r i a t i o n  
noted i n  Figures 11-4 and 11-5 contained any predominant frequency 
components an au tocor re la t ion+  funct ion  a n a l y s i s  1;as conducted on 
t h e  da ta ,  Figures 11-6 and 11-7 show p l o t s  of t h i s  funct ion .  These 
p l o t s  would tend t o  i n d i c a t e  t h a t  t h e  t r i p l e t  wi th  no helium i n j e c t i o n  
o s c i l l a t s s  i n  a random manner with no predominant frequency. However, 
che p l o t s  of 0 .1 and 0.2 percent may i n d i c a t e  t h a t  a predominant 
frequency e x i s t s  i n  t h i s  d a t a ,  It should be noted t h a t  t h e  d a t a  
sample i s  too  small  t o  der ive  a t  any d e f i n i t e  conclusions.  

"Th aarn'i;ocorreia tior: f l x n c t i  on i s  a Fourier transformation of t h e  
power dens i ty  spectrum and thus dcf ines  t h e  d i s t r i b u t i o n  of power 
i n  a s ignal  a e c o ~ d i n g  t o  t h e  frequencies  p resen t .  

96 



BELL AEROSPACE COMPPJlY 

3 )  Fa~n (Post 1rnpingernen.t) 

a,) With no helium i n  j ec t ion  ti-IS ~kan i s  very unif'orm, 
The breakup (appearance of l i g h t  a r e a s )  and the combustion process  
appears t o  be very s teady.  

b )  With 0 .1  percent  helium inspec t ion  t h e  f a n  width i s  
reduced and t h e  breakup o s c i l l a t e s  a t  approximately 100 cps. 

Figure 11-8 i s  a  p l o t  showing t h i s  o s c i l l a t i o n  i n  f a n  
breakup. 

c )  With 0.2 percent  helium t h e  f a n  width i s  s i g n i f i c a n t l y  
increased over both no helium and 0 .1  percent .  Also t h e  combustion , 
process (appearance of l i g h t  r eg ions ) -appears  t o  be r e t a rded .  This 
i s  conceivable due t o  a l ack  of rap id  f an  break-up. 

I n  order  t o  obta in  a  b e t t e r  d e f i n i t i o n  of. any predominate 
frequency t h a t  may be contained i n  t h e  impingement of t h e  no-helium 
and 0 .1  percent  helium cases  a d d i t i o n a l  frames of f i l m  were examined. 
For t h i s  a n a l y s i s  200 frames, o r  approximately 0.5 seconds, were 
examined. The purpose of t h i s  a n a l y s i s  was t o  determine whether any 
predominant f requencies  were apparent and how they  might be r e l a t e d  
t o  t h e  1000 cps observed i n  t h e  r eac t ion  zone luminosity.  This 
might provide some i n s i g h t  a s  t o  whether t h e  f u e l  j e t s  themselves 
o r  t h e  combustion a r e  t h e  d r iv ing  f o r c e  i n  maintaining per iodic  
o s c i l l a t o r y  low frequency o s c i l l a t i o n s .  

A Fourier  a n a l y s i s  of t h e  a x i a l  impingement poin t  v a r i a t i o n s  
vs time was made and t h e  r e s u l t s  a r e  shown i n  Figure 11-9. Alt,hough 
t h e  n o i s e  background wi th in  t h e  0.1% helium spectrum precludes an 
unequivocal conclusion, i t  does appear t h a t  t h e r e  i s  a  s i g n i f i c a n t  
d i f f e rence  between t h e  no-helium and t h e  0.1% spec t ra .  It a l s o  
appears t h a t  a  400 cycle  frequency and i t s  harmonics a r e  p resen t .  

Figure 11-10 i s  a  comparison of the  frequency content of t h e  
impingement v a r i a t i o n  of a  l i q u i d  j e t  wi th  0 .1  percent  helium 
compared t o  t h e  frequency content  of chamber pressure  during a 
t y p i c a l  LFO. It i s  i n t e r e s t i n g  t o  note  t h e  same frequencies  a r e  
present .  

CONCLUSION 

Helium i n j e c t i o n  has a  s i g n i f i c a n t  e f f e c t  on t h e  opera t ion  
of t h e  t r i p l e t  element examined. This e f f e c t  i s  noted i n  t h e  
l i q u i d  j e t ,  t h e  impingement poin t  and t h e  fan breakup, The e f f e c t  
noted i n  t h e  impingement of t h e  l i q u i d  j e t  would appear t o  have 
t h e  same frequency content  a s  a  typical. LFO, 
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APPENIIIX I11 

TASK C - DEFINITION OF CONTROLLING PARAMETERS AND 

BASIC MECHANISMS INVOLVE'D 
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TASK C - POTENTIAL FEEDBACK MODELS 

The c o r r e l a t i o n  o f  t h e  o b s e r v e d  d a t a  p r o v i d e s  a n  i n d i c a t i o n  
t h a t ,  f o r  t h e  p a r t i c u l a r  c o n f i g u r a t i o n  t o  which t h e s e  d a t a  a p p l y ,  
a d e f i n i t e  r e l a t i o n s h i p  e x i s t s  between t h e  c r i t i c a l  p r e s s u r e  d r o p  
and t h e  g a s  e v o l u t i o n  p o t e n t i a l .  Although t h e  l a t t e r  t e r m  c a n n o t  
be q u a n t i t a t i v e l y  d e f i n e d  a t  t h i s  t i m e ,  i t  i s  obse rved  t h a t  p e r i o d i c ,  
low f r e q u e n c y  o s c i l l a t i o n s  w i l l  b e  m a i n t a i n e d  a t  l e v e l s  below a 
g i v e n  c r i t i c a l  s t e a d y - s t a t e  i n j e c t o r  p r e s s u r e  d r o p  when t h e  f u e l  
h a s  been  c o n d i t i o n e d  t o  a  s a t u r a t i o n  p o i n t  c o r r e s p o n d i n g  t o  1 9 0  p s i  
a t  a g i v e n  t e m p e r a t u r e .  These  o s c i l l a t i o n s  w i l l  n o t  be m a i n t a i n e d  
i n  t h e  i d e n t i c a l  hardware and o p e r a t i n g  c o n d i t i o n s  i f  t h e  s a t u r a -  
t i o n  c o n d i t i o n s  a r e  d e c r e a s e d  t o  a v a l u e  l i k e  140 p s i ,  which i s  
lower  t h a n  t h e  i n t e r f a c e  p r e s s u r e  a t  t h e  v a l v e  i n l e t  b u t ,  o f  c o u r s e ,  
h i g h e r  t h a n  t h e  nominal  chamber p r e s s u r e  o f  120 p s i .  I n  a d d i t i o n ,  
it a p p e a r s  f rom t h e  s u c c e s s i v e  movie f r ames  t h a t  t h e  f u e l  j e t ,  
impingement p o i n t  and r e a c t i o n  zone l u m i n o s i t y  a r e  s i g n i f i c a n t l y  
a f f e c t e d  by i n j e c t i o n  o f  he l ium.  With t h e s e  o b s e r v a t i o n s  i n  hand,  
one c a n  s p e c u l a t e  on t h e  p o t e n t i a l  i n t e r a c t i o n s  which c a n  e s t a b l i s h  
t h e  f e e d  back mechanism t o  s u s t a i n  a p e r i o d i c  o s c i l l a t o r y  phenomenon 
of  more o r  l e s s  c o n s t a n t  f r e q u e n c y .  T h i s  f r e q u e n c y ,  r a n g i n g  some- 
where i n  t h e  v i c i n i t y  o f  300 t o  400 c p s ,  c a n  be computed as t h e  
f l i g h t  t i m e  o s c i l l a t i o n  o f  t h e  f u e l  j e t s  by d i v i d i n g  t h e  j e t  v e l o -  
c i t y  by t w i c e  t h e  d i s t a n c e  from t h e  o r i f i c e  e n t r a n c e  t o  t h e  impinge-  
ment p o i n t .  

T h r e e  p o s s i b l e  f eedback  mechamisms have been  h y p o t h e s i z e d ;  
namely : 

1. The d i s c h a r g e  c o e f f i c i e n t  f o r  a  f u e l  j e t  h a v i n g  a g i v e n  
he l ium g a s  e v o l u t i o n  p o t e n t i a l  changes  d i s c o n t i n u o u s l y  a t  a  g i v e n  
v a l u e  of i n s t a n t a n e o u s  back p r e s s u r e  o r  AP ( f l i p p i n g ) .  

2 .  T r i p l e t  b low-apa r t ,  which changes  t h e  combust ion  r a t e  
and s p a t i a l  l o c a t i o n ,  o c c u r s  i n  a d i s c r e t e  manner a s  t h e  i n s t a n -  
t a n e o u s  p r e s s u r e  d rop  o r  v e l o c i t y  of  a  f u e l  j e t  o f  g i v e n  g a s  e v o l u -  
t i o n  p o t e n t i a l  v a r i e s .  

3 .  The r e a c t i o n  zone and t h e  l i q u i d  volume of  t h e  f u e l  
o r i f i c e s  form a r e s o n a n t  sys t em a t  g i v e n  l e v e l s  o f  g a s  e v o l u t i o n  
p a t e n t j a l s .  The l a t t e r  q u a n t i t y  can  be c o n s i d e r e d  a s  a measure  
of  f u e l  a c o u s t i c  v e l o c i t y .  I n  t h i s  p a r t i c u l a r  model ,  t h e  h i g h e r  AP 
would be c o n s i d e r e d  s t r i c t l y  a s  i n c r e a s e d  r e s i s t a n c e .  

It might  b e  h e l p f u l  t o  e l s b o r a t e  b r i e f l y  on some o f  t h e  c o n s i -  
d e r a t i o n s  whi c h  underlined t h e s e  three model s, 
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a .  V a r i a t i o n  

No e x p e r i m e n t a l  d a t a  a r e  a v a f l a b l e  t o  u s  which would 
conf i rm t h e  h y p o t h e s i s  t h a t  " f l i p p i n g "  of  a  j e t  o f  h i g h  g a s  evolu-  
t i o n  p o t e n t i a l  o c c u r s  d i s c r e t e l y  a t  g i v e n  l e v e l s  o f  p r e s s u r e  d r o p .  
To a  l a r g e  e x t e n t ,  t h i s  h y p o t h e s i s  evolved from t h e  o b s e r v a t i o n s  
on t h e ' p h o t o g r a p h s .  It shou ld  B e  no ted  i n  p a s s i n g  t h a t  Nor throp 
of  G.E. (Ref .  Flow S t a b i l i t y  o f  Smal l  J e t s ;  p a p e r  - ASME November 
1 9 5 8 ) ,  found t h a t  t h e  " f l i p p i n g "  c h a r a c t e r l s t i c s  o f  a n  o r i f i c e  
were s i g n i f i c a n t l y  a f f e c t e d  when i t  , e f f l u x e d  i n t o  a hel ium atmos- 
phere  compared t o  a  n i t r o g e n  one ,  

b.  T r i p l e t  Blow-Apart 

It i s  w e l l  known from t h e  work o f  o t h e r  i n v e s t i g a t o r s  
t h a t  blow-apart  o f  r e a c t i v e  j e t s  can  o c c u r  when s u f f i c i e n t  t i m e  
e x i s t s  f o r  t h e  p r o d u c t i o n  o f  v a p o r s  p r i o r  t o  impfngement. T h e r e f o r e ,  
one cannot  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  l i q u i d  j e t s  havirrg such 
a  h i g h  g a s  e v o l u t i o n  p o t e n t i a l  a s  t h e  ones  which we a r e  d i s c u s s i n g  
cou ld  produce  t h e  same mechanism. It i s  n o t , c l e a r  a t  t h e  moment how 
t h e  change i n  j e t  v e l o c i t y , w o u l d  modify t P l i s  p a r t i c u l a r  t y p e  o f  
blow-apart  . 

c .  Combustion Feed System T n t e r a c t i o n  

It i s ,  o f  c o u r s e ,  p o s s i b l e  t h a t  t h e  combust ion c a n  
coup le  w i t h  a  f u e l  f l u i d  volume t o  e s t a b l i s h  t h e  r i g h t  t i m e  r e l a -  
t i o n s h i p  t o  s u s t a i n  a con t fnuous  o s c i l l a t i o n .  Tn t h 5 s  c a s e ,  t h e  
g a s  e v o l u t i o n  p o t e n t i a l  of  t h e  f u e l  would e s t a b l i s h  t h e  a c o u s t i c  
v e l o c i t y  o f  t h e  f l u i d  and t h e  p r e s s u r e  d r o p  a p r o s s  t h e  o r i f i c e  
would be modeled a s  v a l u e  o f  r e s i s t a n c e .  We know, of  c o u r s e ,  
t h a t  t h e  comple te  f e e d  sys tem does  n o t  e n t e r  i n t o  t h i s  c o u p l i n g  
mechanism s i n c e  more o r  l e s s  t h e  same f r e q u e n c y  i s  o b t a i n e d  i n  
t e s t  c e l l s  hav ing  wide ly  v a r y i n g  c o n f i g u r a t i o n s ;  however, it i s  
p o s s i b l e  t h a t  a  s p e c i f i c  volume w i t h i n  t h e  i n j e c t o r ,  such  a s  t h e  
i n j e c t o r  o r i f i c e s ,  c o u l d  e s t a b l i s h  such  a  c o u p l i n g  mechanism. 

It i s  p lanned  t o  examine t h e s e  hypo theses  i n  somewhat 
g r e a t e r  d e t a i l  under  Task C .  It i s  c e e a r ,  howeve, t h a t  some a d d i -  
t i o n a l  e x p e r i m e n t a l  d a t a  w i l l  u l t i m a t e l y  be r e q u i r e d  t o  i s o l a t e  t h e  
p a r t i c u l a r  f eedback  mechamism which i s  r e s p o n s i b l e  f o r  t h e  o c c u r r e n c e  
of  low f requency  o s c i l l a t i o n s .  
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APPENDIX I V  

TASK D - ANALOG JE MODEL ANALYSIS 
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A critical examjnation of rnodels was made with particular 
emphasis placed upon their ability to exhibit the "football" or low 
frequency oscillation phenomena. No effort was made to tailor a 
model which would produce this phenomena; but rather it was attempted 
to determine from the generalized model whether low frequency 
oscillations are produced under specific operating conditions. It 
is found that the model in its present form indicates favorable trends 
and is in reasonable fundamental agreement with experimental data. 
In pa,rticular, the "footballs" are noted; however, further effort and 
some model improvement will be required to obtain better correlation 
with experimental data, Sufficient correlation has been obtained to 
confirm the basic concepts upon which the model is based. When 
final proposed improvements are incorporated, the simulation will be 
an effective tool, 

Analog computer results for several conditions are presented, 
illustrating the "football" phenomena and the values of pressure, and 
transport delay time required for their formation. 

Finally, a proposed program for model improvement is presented. 

B. INTRODUCTION 

The occurrence of pressure oscillations in feed systems and 
combustion chambers motiviated a theoretical study to devise a 
mathematical model which would sirnulate the observed behavior and 
which could subsequently be employed to obtain a better understanding 
of the phenomena, 

Since information obtained by experiment is usually in the time 
dornair~, it was felt that a rocket, engine simulation yielding time 
histories directly would be desirable, Equations incorporating known 
characteristic properties have been derived and simulated on the 
analog computer. This report describes the Bell Aerospace analog 
model and presents a proposed program for model improvement to obtain 
better prediction .of engine-feed system behavior, as well as for use 
in general engine design and devclopment, 

C. DTSCUSSION OF RATIONALE 

A rocket engine system is composed of several coupled subsystems. 
Since it is not known which particular subsystem is the prime contri- 
butor to the observed intermittent low frequency instability, one 
must rely upon a simplified simulation of the entire system as a 
startilig point, T h i s  forms a framework for contimnous refinemen ; of 
the subsysierns u n t i l  the most sensitive ele~liellt is located, This 
p i i i ' ? s o p h y  C o ~ ~ o e d  the  bas?;^ for the developrient of the ma?,liematical 
mode I . 
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A r a t j o n a l e  of the  methods used i n  the  f u l f i l l m e n t  of the  
requirements i n  t h e  work statement w i l l  be presented. Af te r  each 
requri remer~t a  b r i e f  d iscuss ion  of t h e  equiva lent  mathematical 
and/or analog method used t o  meet t h i s  requirement i s  given. 

I. Jielium Sa tu ra ted  Propel lan ts  

I t  i s  assumed t h a t  thz  presence of helium ( o r  any o t h e r  
g a s )  i n  the  subsystem, l i n e ,  valve, i n j e c t o r  o r  combustion chamber 
i s  mathematically equiva lent  t o  a  change of acous t i c  v e l o c i t y  i n  
the  subsystem. I n  t h i s  s impl i f ied  siimulation t h e  genera t ing  
mechanism of t h e  process  i s  no t  uniquely described. The p resen t  
system i s  capable of i n v e s t i g a t i n g  d i s c r e t e  changes of t h e  acous t i c  
ve loc i ty  only; however t h e  c a p a b i l i t y  of making o the r  parametric 
v a r i a t i o n s  (such a s  poss ib le  o r i f i c e  f l i p p i n g ,  e t c . )  i s  p resen t  when 
the  c;enerating mechanism i s  prescr ibed.  For a  feed l i n e  o r  flow 
passage, the  propagation of pressure  waves w i l l  be s i g n i f i c a n t l y  
e f f e c t e d  by t h e  amount and d i s t r i b u t i o n  of f r e e  gas out of so lu t ion .  

2. Pressure Drops and Volumes i n  Various' P a r t s  
of t h e  I n j e c t o r  

The i n j e c t o r  must be considered a  prime suspect  i n  e x c i t i n g  
low frequency o s c i l l a t i o n s .  'Th? d e t a i l e d  mathematical model of an 
i n j e c t o r  i s  extremely complex. ' therefore d e t a i l e d  e l e c t r i c a l  analogy 
of the i n j e c t o r  was prepared and the  frequency c h a r a c t e r i s t i c s  of t h i s  
system evaluated.  It was p r e s u p ~ ~ o s e d  t h a t  i f  t h i s  e l e c t r i c  anarlogy 
yielded a  n a t u r a l  frequency i n  the  400 HZ range when reasonable values 
of acous t ic  ve loc i ty  were used, e f f o r t  could be i n i t i a t e d  t o  de f ine  
the  redesign which would be required t o  s h i f t  t he  frequency of maximum 
amplitude out  of t h i s  region. This a n a l y s i s  was performed on t h e  
d i g i t a l  computer. A d e s c r i p t i o n  of t h e  i n j e c t o r  i s  given i n  
Attachment T I I - A .  

P r i o r  t c  t h i s  program the analog model assumed a  p e r f e c t  
i n j e c t o r ,  i . e .  having r e s i s t a n c e  elements only, with the  i n j e c t o r  
volume r e f l e c t e d  a s  a  required It ' t l l  time. Since no capaci tance and 
inductance elements had been in(.?uded, i f  " f o o t b a l l s "  a r e  observed i n  
t h i s  analog model, one would have t o  conclude t h a t  t h e  i n j e c t o r  a lone 
i s  not  a  poss ib le  source.  The silnulated pressure  drop may convenient ly 
be taken a s  any design value. 

3. Pressure Drops and Volumes - i n  Various F a r t s  of t h e  
Propel lan t  Feed Lines,  Valve and Test  Stand 

a ,  Feed System --- 

'The p rope l l an t  i s  assurrled t o  be ln a gas pressur ized  
tank. It assumed t h a t  the  supply pressure remains cons tant  during 
any pa,r t lcular  computer run, Eot:ever, the  tank pressure may have an) 
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pre:,iyr ibed ,:ens t n ~ i t  value .  Subsequently,  t h e  f eed  l i n e  i s  ass~lmed 
t o  ue c h a r a c t e r i z e d  by a f l u i d  suppl ied  f r o x  a source  of co l l s tan t  
Ilrcs::ure, 

The d i s t r i b u t e d  parameter method i s  used i n  d e s c r i b i n g  
t h e  dynamic behavior  of t h e  f eed  l i n e .  This  method i s  used because 
of t h e  s i m p l i c i t y  of t h e  mathematical  s imula t ion ,  as w e l l  a s  t h e  
a , v a i l a b i l i t y  of " t ime de l ay  modules" i n  t h e  BAC ana log  computer 
f a c i l i t y .  For a  b r i e f  d e s c r i p t i o n  of t h e  t ime d e l a y  concept  s ee  
Attaclrr,er:t 111-R. The d e l a y  t ime i s  a  f u n c t i o n  of p r o p e l l a n t  bu lk  
modules (which i s  determined d i r e c t l y  from a c o u s t i c  v e l o c i t y )  and 
p i p e  l eng th ,  d iameter  and w a l l  t h i ckness .  F u r t h e r  c l a r i f i c a t i o n  of 
t h i s  r e l a t i o n s h i p  i s  p re sen ted  l a t e r .  The s imu la t ion  i s  capable  of 
accep t ing  ally magnitude o r  combination of  t h e  aforementioned 
parameters .  

b. Valve 

111 t h e  mathematical  ! d e s c r i p t i o n  of tlie valve,  i t  i s  
assunled t h a t  t h e  va lve  i s  a dev ice  which has  a known volume reclui r ing 
a f i n i t e  f i l l  t ime, w i th  an entr.ance which opens a t  a p re sc r ibed  
r a t e 3  r e q u i r i n g  a  f i n i t e  opening time. The valve i s  assumed t o  be 
i n v a r i a n t  t o  frequency; t h a t  i s  t h e  f low r a t e  i s  p r o p o r t i o n a l  t o  t h e  
square  r o o t  of AP f o r  a l l  f requenc ies .  For  t h e  LM i n v e s t i g a t i o n  
it was assumed t h a t  t h e  valve opened i n  zero  t ime.  One can r ea son  t h a t  i n  
a s i m p l i f i e d  model of t h i s  k ind  t h i s  i s  no t  a n  unreasonable  assumption.  

c .  Tes t  Stand 

Equat ions  d e s c r i b i n g  t h e  p o s s i b i l i t y  of f l u i d  coupl ing  
w i t h  t e s t  s tand  dynamics were n o i  der ived.  To i n v e s t i g a t e  t h i s  
p o s s i b i l i t y ,  one could r e s o r t  t c )  t h e  f requency response c h a r a c t e r i s t i c  
of t h e  analog model t o  determine what e x t e r n a l  f r equenc ie s  would be 
r equ i r ed  t o  induce system couplirlg. This  can be done 'very simply by 
employing an e l e c t r o n i c  o s c i l l a i o r .  Line p r e s s u r e  p u l s a t i o n s  niay be 
a p p l i e d  t o  t he  s imula ted  f eed  l i l l e  and t h e  ou tpu t  recorded.  Tlie 
o sc i  L la tor  frequellcy w i l l  t hen  Ile va r i ed  u n t i l  s e r i o u s  f eed  system 
o s c i l l a t i o n s  r e s u l t .  The ac tua l  t e s t  s t and  n a t u r a l  f requency should 
n o t  co inc ide  w i t h  t h e  c r i t i c a l  f requency ob ta ined  i n  t h e  s imula ted  
cond i t i on .  

4, Change i n  Operat ing Coiiditions 

Mixture Ra t io  

Analysis  i n d i c a t e s  t h a t  i n  g e n e r a l  one must speak of 
two types of mix ture  r a t i o s :  (1) t h e  more convent iona l  one desc r ibed  
as t l ~ e  r a , t i o  of t h e  t ime average o x i d i z e r  f l o w  r a t e  t o  t he  t ime 
aTfer&ze f u e l  flow r a t e ,  a-nd ( 2 )  t he  r a t i o  of t he  i n s t an t aneous  rtiass 
c o r c e n t r a t i o n  of o x i d i z e r  t o  mas? concen t r a i i on  of f u e l  i n  t h e  
cor!i?i~r,tLor~ chamPer a t  any given t ime,  'The l a t t e r  r a t i o  must b e  
co!11;11.~ted vriiile t h e  former i s  oht;tined b y  s o  a d j u s t i n g  the  valve o r  
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oril 'tcc: p r e s su re  drops  t o  o b t a i n  t h e  r e q u i r e d  t ime average r a t i o  of 
the  t v ~ o  p r o r ~ e l l  a n t s ,  The compu Latiox1 me tlicld i s  p resen ted  l a t e r  PLn 
t h e  ~ e n o r t ,  i n  t h e  d e r i v a t i o n  of equa t ions ,  I n  f a c t ,  j t  has  been 
observed i n  t h e  a n a l y t i c a l  model t h a t  t h e  dynamic behavior  may be 
a  l'urlctioll of t h e  t ime r a t e  of change of mix ture  r a t i o .  

b. P r o p e l l a n t  Temperatures, P re s su re  and 
Acoust ic  P r o p e r t i e s  

S ince  dynamic combustion models a r e  very  invo lved  and 
n o t  f i r m l y  e s t a b l i s h e d ,  t h e  d e c i s i o n  w a s  made t o  u se  precomputed 
s t e a d y  s t a t e  da ta .  It i s  acknowledged t h a t  t h e  s t e a d y  s t a t e  combustion 
b r o p e r t i e s  a r e  n o t  t r u l y  r e p r e s e n t a t i v e  of t h e  uns t eady  p roces s .  
However, s t e a d y  s t a t e  d a t a  a r e  be ing  used e x t e n s i v e l y  w i t h  marked 
succes s  i n  e v a l u a t i n g  t h e  uns teady  , ,processes i n  o t h e r  a p p l i c a t i o n s ,  
f o r  example motion of a i r c r a f t .  

A d e s c r i p t i o n  of t h e  thermochemical p r o p e l l a n t  d a t a  
i s  g iven  i n  Attachment 111-C. Here a r e  p r e sen t ed  sucll p r o p e r t i e s  a s  
combustion tempera ture  vs mix ture  r a t i o  (based  on mass c o n c e n t r a t i o n  
f o r  each c o n d i t i o n ) ,  c h a r a c t e r i s t i c  v e l o c i t y  vs mix ture  r a t i o ,  s l o p e s  
of combustion tempera ture  and c h a r a c t e r i s t i c  v e l o c i t y  vs mix ture  
r a t i o ,  e t c .  Actu-al ly each  of t h e s e  p r o p e r t i e s  a r e  f u n c t i o n s  o f  
chamber p re s su re ;  f o r  s imp!Lici ty t h e s e  v a r i a t i o n s ,  however, were n o t  
i l leluded i n  an e lementary  model of t h i s  type.  They a r e  a v a i l a b l e ,  
however, and w i l l  be i nc luded  i l l  a more a c c u r a t e  simulatio-1_1. 
S o l u t i o n s  may be ob t a ined  wi th  assumed o r  precomputed dec rease s  i n  
t h e o r e t i c a l  combustion t e m p e r a t ~ l r e s  and c h a r a c t e r i s t i c  v e l o c i t i e s .  

c. Combustion Equati  ons 

A d e r i v a t i o n  of combustion equa t ions  i s  g iven  i n  
Attachmerlt 111-D. The t ime r a t e  of change of p r e s s u r e  r a t i o  under 
p r e s c r i b e d  assumptions i s  computed. 

d  . Irrlpingement Angle 

A " f i r s t  o rde r "  e f f e c t  of impingement ang le  v a r i a t i o n  
i s  ob t a ined  by v a r i a t i o n  of t h e  " t r a n s i t  t ime" ,  de f ined  as t h e  t ime 
r equ i r ed  f o r  t h e  p r o p e l l a n t  t o  t r*ave l  from t h e  i n j e c t o r  f a c e  t o  
average p o i n t  of  impact .  I n  t h e  s imula t ion ,  t h i s  t r a n s i t  t ime i s  
r ep re sen t ed  by a " t ime  de lay"  desc r ibed  i n  Attachment 111-E. lIere 
we assume t h a t  a  g iven  t ime i s  r equ i r ed  f o r  t h e  p r o p e l l a n t  t o  r each  
t h e  combustion zone o r  average impact p o i n t .  Coniputer s o l ~ l t ~ i o l r  s may 
be  obta.irled f o r  any p r e s e t  t ime clelay, 

e, F'lrel aild Oxid izer  P r o p e l l a n t  Leads - 

If or:? asslimes tilit t h e  p r o p e l l a n t  and o x i d i z e r  r a ? v t c  
open s i m ~ l t ~ x r i e o u s l y ,  t hen  zhe tirrie of a r r r lva l  of each urope l la r l t  a t  
t h e  i n j e c t o r  f a c e  i s  a  f u n c t i o n  of t h e  t o t a l  f i l l  volu~nes of t h e  
vzlve  p l u s  condui t  downstream fr*orr\ t h e  valve  g a t e  t o  t h e  e n t r a n c e  of 
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the  i n j e c t o r ,  In addi t ion ,  the  corresponding volume of each passage 
t o  the  i n j e c t o r  face must be added, The corresponding flow r a t e s ,  
however, a r e  funct ions  of passage impedance which v a r i e s  along t h e  
1)ath. Although flow conf igura t ion  i s  q u i t e  complex, i t  i s  def inable .  
In t he  present  s impl i f i ed  model, t he  p rope l l an t  i s  assumed t o  flow 
a t  a  constant  average impedance u n t i l  a  volume equal  t o  the  void 
volu.lne -is obtained a t  which time it i s  assumed t h a t  t h e  reference  
p r o j ~ e l l a n t  i s  a t  t h e  f ace  of the  i n j e c t o r ,  I t  was found, however, 
t h a t  i f  one replaces  the  aforementioned with a time delay equal t o  
t h e  i ' i l l  time, no apprec iable  d i f f e rence  i s  no t i ceab le  i n  the  r e s u l t -  
i n g  overa,l l  system response, f o r  t h i s  s impl i f ied  system. 

D.  DISCUSSION OF MODEL 1 

Based on t h e  previous ly  presented discussion,  equat ions were 
der ived arid simulated on the  analog computer. Poss ib le  sources of 
i n s t a b i l i t y  may now become apparent when computer runs a r e  made. 
Before proceeding t o  a  d i r e c t  comparison with the  LM experimental  
da ta ,  a  b r i e f  s tudy of t h e  t r ends  r e s u l t i n g  from se lec ted  changes 
i n  system parameters i s  i n  order .  

1. Hard S t a r t s ,  o r   p pike" phenomena 

I f  one i s  t o  have any confidence i n  the  model, t h e  more 
normally expected behavior must be pred,icted. The phenomena of hard 

!I s t a r t s  o r  sp ikes"  when a f u e l  l ead  i s  present  i s  a  c l a s s i c a l  example. 
When f u e l  lead  i s  present ,  t h e  model does indeed experience a  sharp 
high i n i t i a l  r i s e  i n  PC. An exl~lanat ior i  of t h i s  a s  we l l  a s  o t h r r  
response c h a r a c t e r i s t i c s  may be obtained by observat ion of the  PC 
equat ion along with t h e  thermocllernical r e a c t i o n  curves.  For convenience 
the  equat ion i s  given below. 

From Figure 111-1 one concludes t h a t  f o r  a  f u e l  l ead  condi t ion   hen 
i g n i t i o n  begins, a l l  terms on $he RHS a r e  p o s i t i v e ,  hence PC i s  
g o s i t i v e ,  and the  i n t e g r a l  of Pc o r  PC, begins t o  inc rease  a t  a  r ap id  

3 T c* r a t e ,  However, - and - intareases t o  a  maximum value when r 5 0,8 
.: r (3 r 

a ~ d  decreases  r a p i d l y  u n t i l  the  s ign  changes a t  which time PC may 

beconie negat ive,  PC w i l l  s t a b i l  i e ,  and f l u c t u a t i o n s  may occur u n t i l  

Pp ;= O i s  obtained. The magni t l~ le  a t t a i n e d  by iJc durjng t l l is  process  - 
n;ay be q u i t e  hig'll, depending upi t~ the  r a t e  of flow i n t o  the chamber, 
Figure 111-1. f u r t h e r  shows t h a t  Tor an ox-idizer l ead  the  mix t l~ re  r a t i o  
starts a t  i n f i r i i t y ,  and Tor lals ,  niixture r a t i o s  the  reference ternis 
a r e  ~ l e g a t i v e  and small and the  design r a t i o  may be reached kitklout 
passing through a region of l a r t e  p o s i t i v e  values r e s u l t i n g  i n  m i l d  
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s teady iricrease in 1' and a  more moderate i l lcrease of PC, hence 
C cl irrii31ntl-irig the sp ike ,  The preeeeding d i s r u s s i  on g ives  a r a t h e r  

u r r i o ~ l e  explanat ion of a  poss ib le  source of the  hard s t a r t  o r  sp ike  
exllir,iLed i n  t e s t  when a  f u e l  l ead  i s  j ~ r e s e n t .  

A more d e t a i l e d  d iscuss ion  of t h e  precomputed thermochemical 
d a t : ~  i s  given i n  Attachment 1 1 1 - C .  

a ,  Computer Resul t s  

An at tempt  was made t o  apply the  model t o  the  LM engine 
by i n s e r t i n g  exact  known system c h a r a c t e r i s t i c s  a s  fol lows:  

(1) Engine C h a r a c t e r i s t i c s  

P~ = 165 p s i  I n j .  AP = 27 p s i  ( f u e l )  

Valve AP = 5 p s i  I n j .  &P = 23 p s i  (ox)  

"Chamber pressure  and mixture r a t i o s  a r e  t h e  
r e s u l t s  of s imulat ion c a l c u l a t i o n s .  

( 2 )  Feed Line C h a r a c t e r i s t i c s  

The feed l i r les  c o n s i s t  of a  1 .5  i n .  diameter l i n e  
370 i n .  long f o r  each p rope l l an t  from t h e  supply tank t o  the  t e s t  
stand. Also a  l i n e  1.25 i n .  diameter, 110 i n ,  long f o r  each p rope l l -  
a n t  from the  t e s t  s tand t o  the  valve. These feed l i n e s  were simulated 
by us ing  the  method presented i r ?  Attachment 1 1 1 - B .  The various feed 
system impedances f o r  the  p e r t i n e n t  components were computed. From 
t l l i s  t h e  p rope l l an t  pressure  wavp time was computed f o r  incorpora t ion  
i n t o  tlie time delay elements. 'Pile computations indica ted  t h a t  t h e  

> x, system i s  found very sens i t i , ve  t o  i t  ( t ime required f o r  p rope l l an t  
t o  t r a v e l  from f a c e  oE i n j e c t o r  lo lmpace po in t  p lus  s e n s i t i v e  time 
l a g ) .  

b, Chamber Volume Ef'l 'ectiveness 

The r e s u l t s  shotv-ed t h a t  the  model appear's t o  y i e l d  va l id  
cl~i'r"o;.rnation but c e r t a i n  pararnei,~-rs appear n o t  t o  be e o n s i s t e r ~ t  . i v i t l l  
a(% tua,? sy:;iern c.ovf'iguration, I r g i ~ t i ~  the  e f f ' ec t ive  chamLer volume i s  
decreased :nore rea l  i s t i c  f r equc-~r~ . i e s  a n d T  t values r e s u l t ,  This s t e p  
appears reasonable when one rec : i i l s  t h a t  the  a c t u a l  r eac t ion  zone 
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i n  the chamber is considerably smaller than the chamber volume, and 
(2) the thermochemical d-ata employed is based upon a volume composed 
only of gas or vapor actually being subjected to a thermalchemical 
exothermal reaction process which properly defines the reaction 
volume. Reducing this volume in the simulation to one-half the 
g~omctric volume yielded frequencies of approximately 400 Hz and 
propellant transit time of approximately 5 M.S. This frequency is 
In l4easonable agreement with the observed frequency and the transit 
timt is rather close to that expected. For example, assuming pro- 
pellant exit velocities of 140 ft per second, the impact time is 
slightly less than 1 M.S. which allows approximately 4 M.S. for 
complete combustion to occur. Figure 111-2 shows that a "football" 
is not present with t = 5.3 M.S. Figures 111-3 - 111-5 show the 
It football" magnitude progressively increases with increasing t 
where t = 5.4, 5.5 and 5.6, respectively. For these runs the 
mixture ratio was higher than design value. For t = 7.6 M.S. a 
post start "football" is present with the steady-state mixture 
ratio of the design value of 1.6 (~igure 111-6). Notice that for 
the lower mixture ratio condition, the instability present in the 
PC rise has been eliminated. 

Feed line oscillations during injection fill are 
somewhat larger than those show11 in test data. This is attributed 
to the lack of information on t,he magnitude of the damping constant 
which must be inserted in line dynamics loop as given in Attach- 
ment 111-R. 

A mathkmatical raationale of the "football" phenomena 
is presented in Attachment 111-8. 

Transient Volumetric Effects 

As previously stated, the 400 Hz frequency could be 
produced by using an "effective" volume smaller than the actual 
chamber. This could imply that the frequency is a function of the 
actual "reaction" colume rather than the geometrical one. When the 
propellant enters the chamber initially combustion should occur 

11 through the entire volume and this volume becomes the effect,vet' 
v o l u ~ e .  As PC increases, the "effective" volume tends to decrease 
to i-ts steady-state value. If this hypothesis is true, then one 
should expect a decrease in observed frequency during the PC tran- 
sient. Observation of test data reveals this to be true. However, 
for the analog model, the volu~vc? is assumed constant through the 
transient as well as the steady-state, When this effect is 
incorporated in the analog model, one may expect decreased aniplitudc 
and frequency during the PC rise and better agreement with experi- 
rneni,dl d a t a ,  









Figure JiV-4 
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Tile existing Rcll pressure fed rocket engine model is used to 
calculate the transient and steady-state performance of various 
roc!;et engine systems, It does this by breaking the propellant feed 
system into a number of segments or modules dictated by the particular 
design corifiguration, and calculating the flow and pressure in them. 
Subsequently, the feed system from tank to injector or valve is 
sinulated by a cascade of individual modules. The valve simulation 
a,ssur?les valve opening is linear, while the injector is simulated by 
a pressure drop only. The transportation delay is determined by a 
time delay device which simulates the propellant flight time (between 
injector face and impingement point plus vaporization and burning 
time). The combustion process is a function of precomputed thermo- 
chemical data. 

A detail digital model of the injector is available. Acoustic 
velocity and pressure drops at all major flow passages may be given 
any design values, and subsequently, impedance and f requellcy 
character5 sties may be determined. 

I 

The present analog model Lndicates trends which are, in general., 
consistent with test results, Specific detailed correlation has not 
been attempted in Phase l of this effort, only a comparison of 
available preliminary analog results with test C-ata was made. These 
comparisons indicate that the basic concepts set forth in the model 
are valid and that more detailed simulation, based upon tile present 
model, is desirable. 

Based upon studies made in Phase 1, the following recommendations 
are made. 

Task A 

Activate present analog model and obtain agreement with present 
experimental data point (condition for "football" as determined from 
present experimental data). Establish limits of simplified model. 

Task S 

1. Revise feed line repre;;t$ntation to include two phase flow. 

2. Revise injector repres~ntation to include storage of pro- 
pellant in injector manlf'old, and gas,evolution  effect,^, 

3- Revise injector representation to include resistance alld 
inertia of injector orifices, including flipping condition. 

4, Revise combustion zone time delay to be a function of jet 
velocity, 

Activate this improved mod, I and obtain agreement with present 
exy~er*irrie!itai data poirrt, Extra( )late to other known data poi~nts if 
and wkiel? available, 

126 
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ATTACIlNE!JT Ill -A 

DEFINITION OF LINEAR MOBEL 

Thc  dynamic model i s  de r ived  on t h e  b a s i s  of an alialogous 
impedance network s a t i s f y i n g  c o n t i n u i t y  and energy conse rva t ion  
requ i rements ,  and r e p r e s e n t s  t h e  f u e l  f eed  system from t h e  t r , m  
o ~ i f i c e  downstream of t h e  LM va lve  t o  t h e  i n j e c t o r  ( ~ i g .  1 )  represent led  
by F igu re  2 and t h e  analogous impedance network by F igu re  3 ,  
I n  e l e c t r i c a l  terminology,  v o l t a g e  i s  analogous t o  p e r t u r b a t i o n  
p r e s s u r e  ( p .  s. f .  ) , and c u r r e n t  t o  p e r t u r b a t i o n  volume v e l o c i t y  
( ~ t 3 / s e c ) .  

The analogous network e lements  a r e  simply eva lua t ed  a s  
fo l lows :  

e.4 

Res i s t ance :  R = it.-. s-5- 
I n e r t a n c e :  

These a r e  de r ived  i n  most a c o u s t i c s  t ex tbooks .  

= d e n s i t y  of g a s - l i q u i d  medium. 

e m =  son ic  v e l o c i t y  i n  g a s - l i q u i d  medium. 

= volume of element.  

bet&= e f f e c t i v e  l e n g t h  of  i n d u c t i v e  e lement .  

= c r o s s - s e c t i o n a l  a r e a  of i n d u c t i v e  elell~ent, .  

The response  c h a r a c t e r i  si, i c  s of  t h e  system a r e  determined 
through t h e  u t i l i z a t i o n  of an IBM d i g i t a l  progr7am capable  of 
ana lyz ing  complex networks of t h e  r e q u i r e d  form. A t  p r e s e n t  
t h e  c h a r a c t e r i s t i c s  a r e  demonstrated by t h e  p r i n t - o u t  of node 
v o l t a g e s  and phase f o r  a given inpu t  vo l t age  and f requency.  Th i s  
can be modif ied  t o  produce input  impedance f u n c t i o n s  a s  we l l  a s  
t r a n s f e r  f u n c t i o n s ,  
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R a d i a l  Feed L i n e s  D -- .18'(11 

(I) 
Z I n j e c t o r  Face M a n i f o l d s  

1 .  R a d i a l  Feed L i n e s  ' A "  sutnply B a f f l e  Lead 

2. Face Manifo l~d  "C 7 8'' s u p u  1 ies Coojed Ring R $ f f l ~  

- J I ~  j e c t o r  O r i f  i cez  Omit ted from Schematic 
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ATTACHMEN'I' 111 -R 

A,  FEED SYSTEM TKEORY 

Applying t h e  c o n t i n u i t y  and momentum e q u a t i o n s  t o  a  
f l u i d  f lowing  a t  low v e l o c i t y  i n  a  c y l i n d e r  o r  p i p e  y i e l d s  
t h e  f o l l o w i n g  e q u a t i o n s  

Combining Equa t ions  (1) and ( 2 )  y i e l d s  t h e  wave e q u a t i o n  
s i n c e  t h e i r  s o l u t i o n  when a p p l i e d  t o  sys tems of t h i s  type  
have been found t o  d e s c r i b e  t r a v e l i n g  waves observed i n  a  
wide v a r i e t y  of d i s t r i b u t e d  - p a r a m e t e r  s g s  tems . However 
i n  f e e d  sys tems,  i t  i s  o f t e n  conven ien t  t o  c o n s i d e r  p r e s s u r e  
and f low e f f e c t s  a t  e a c h  end and t o  d e t e r m i n e  t h e  r e l a t i o n s h i p s  
Pa, W a ,  Pb, W b .  This  c o n s i d e r a t i o n  g,ives r i s e  t o  t h e  f o u r  

t e r m i n a l  network concept  shown below. 

Pa minal  

Two of t h e  f o u r  v a r i a b l e : *  may be c o n s i d e r e d  a s  independen t  
whi le  t h e  o t h e r  two a r e  independen t ,  ae l o n g  a s  b o t h  do n o t  
occur  a t  t h e  same e n d .  

With. 

ar 'd a line r e s i y t a n c e  term ( l i n e a r i z e d  ) given i n  term:. of' 
"or t .F?- i i re  drop a' 
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Kf = e q u i v a l e n t  p i p e  f r i c t i o n  c o e f f i c i e n t .  

The s o l u t i o n  of Equa t ions  (1) and ( 2 )  y i e l d s  t h e  two 
f o l l o w i n g  d i f f e r e n c e  e q u a t i o n s  i n  o p e r a t o r  form d h e r e  ( ) 
r e p r e s e n t s  t h e  Laplace  t r a n s f o r m :  

where 

W r i t i n g  Equa t ion  ( 5 )  a s ,  

and n o t i n g  t h a t ,  

R e t a i n i n g  on ly  t h e  f i r s t  two terms of t h e  expans ion ,  E q u a t i o n  
(6) become? 

?Jsing Equa t ion  ( 8 )  i n  Equat,ions ( 3 )  and ( 4 )  y i e l d s  
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- "f.' 
Reca l l i ng  t h a t  e  i n  t he  complex p lane  i s  e q u i v a l e n t  

t o  a  time d e l a y  "I" i n  t he  time domain, and (1 + K f g )  may be - 
S 

approached by an  e l e c t r o n i c  network a n  analog s i m u l a t i o n  of 
Eau.ations (9) and ( 1 0 )  i s  made and t h e  p r e s e n t l y  u ~ e d  
approximation i s  shown i n  F igure  1. 

A more d e t a i l e d  d e s c r i p t i o n  of t he  time d e l a y  concept  and 
dev i ce  i s  g iven  l a t e r .  

F igure  1 c h a r a c t e r i z e s  one l i n e  segment f o r  a  p r e s c r i b e d  
impedance z  and admit tance Y, A u s e f u l  p r a c t i c a l  cond i t i on  
a r i s e s  when P1 i s  t h e  supply  t ank  p r e s s u r e  ( o r  o t h e r  source  

o f  cons t an t  p r e s s u r e )  and one i s  no t  i n t e r e s t e d  i n  Wl ,  t h e n  

F igu re  1 reduces  t o  F igure  2 .  

Ref 

Volt 
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'Tl-ic> F i v u l a t i o n  rhown i n  F i g u r e  3 has  been used e x t e r ~ s i  v e l y  
aild haz proven t o  agree  v e r y  we l l  w i t h  exper imenta l  r e ~ u l t c ,  

1 1  , If Tne c a p a c i l a n c e  valuez C murt be empirically determined, 

VALW TNJECTOR SIMULATION 
P 

Prope l l an t  flow r a t e  i s  assumed t o  be g i v e n  by 

where : 

I n  t he  p r e ~ e n t  s i m u l a t i o n  C i s  assumed c o n s t a n t .  S ince  D 
11  a f i n i - t e  time i s  r e q u i r e d  t o  open t h e  valve ,  " A ~ ,  i s  z e ro  a t  

t = 0 and i n c r e a s e s  l i n e a r l y  t o  i t s  nominal va lue  i n  "tv" s e c ,  

t h e  opening t ime.  I n j e c t o r  f i l l  t ime i s  s imula ted  by d e l a y i n g  
the  f low r a t e  t o  t he  combustion chamber e n t r a n c e ,  o r  t o  t he  
i n j e c t o r  o r i f i c e  o u t l e t  by a  time.& . This i s  t he  time 

r equ i r ed  t o  produce a vo lumet r ic  f low ( u s i n g  t he  i n t e r n a l  
i n j e c t o r  impedance) e q u a l  t o  t h e  volume of t h e  i n j e c t o r .  The 
s i m u l a t i o n  of t h i s  loop  i s  chown i n  Figure  3. 

Valve Cipen~rlg 'I'irne 

Figure 3. 
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Pressure  waves t r a v e l  a t  a  known v e l o c i t y  down a  p i p e ,  
Yt.nce a f i n i t e  time ( 7" seconds)  i s  r equ i r ed  f o r  the  valve 
io r ~ a c h  the  oppos i t e  end and 5" seconds w i l l  be r e q u i r e d  f o r  
i t s  r r t u r n .  If t h e  magnitude of the  wave i s  cons t an t  o r  
doez no t  vary  du r ing  t r a n s i t ,  i t  w i l l  be r e f l e c t e d  back w i t h  
t he  ratne i n t e n s i t y  a s  i t  had when t r a n s m i t t e d .  Thus i f  a  ' 
wave i :  s e n t  down a  p ipe  2 7 seconds w i l l  be r equ i r ed  f o r  
1 t r  r e t u r n .  The t r a n s m i t t e r  on ly  knowz what i s  happening 
a < ,  t he  p r e s e n t  t ime.  Hence i f  P  ( t )  r e p r e s e n t s  t h e  p r e s s u r e  
a t  the p r e s e n t  time and 2 7 eeconds muzt l a p s  be fo re  t h e  
r e t u r n  of t he  preview wave, t h e  a c t u a l  p r e s s u r e  a t  t he  p r e s e n t  
time w i l l  always be e q u a l  t o  t h e  p r e s s u r e  2  2 seconds e a r l i e r ,  
An even t  of t h i s  typ& may be r ep re sen t ed  a s  fo l lows  : 

Pressure  a t  ( P r e s s u r e a t 2  7 

Presen t  Time second e a r l i e r  

o r  i n  mathema t i c a l  language 

P ( t )  = 0 f o r  t l e s s  t h a n  2'7 

P  ( t )  = P  ( t  - 2 F )  f o r  t g r e a t e r  t han  2 7  

A time d e l a y  dev ice  performz t h i s  p roces s .  A d i s t u r b a n c e  i s  
pu t  i n t o  the  dev ice  and t h e  same d i s tu rbance  comes o u t  of t h e  
dev ice  b u t  delayed by 2 T seconds .  If an  a t t e n u a t i o n  f a c t o r  
k i s  known, by c a l c u l a t i o n  o r  t e s t ,  then  t he  formula becomes 

P  ( t )  = o f o r t  -4.2T 

P ( t )  = k  P ( t  - 2T'  ); f o r t  ) 2 T  

It must be remembered however t h a t  t he  c h a r a c t e r i s t i c  v e l o c i t y  
(speed of sound, i f  one assumes t h a t  t h e  p re s su re  t r a v e l s  a t  
s o n i c  speed a long  t h e  p i p e )  must be c o n s t a n t .  When t h e  
e l a s t i c i t y  of t h e  p ipe  i s  considered the  wave w i l l  t r a v e l  a t  
a speed cons ide rab ly  l e s s  t,l;an t he  s o n i c  speed,  

Time d e l a y  computers a r e  a v a i l a b l e  and a r e  used e x t e n s i v e l y  
fo r .  the  a n a l y s i s  o f  r o c k e t  rlgines he re  a t  B e l l ,  
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ATTACHMENT I I I - C  

THERMOCHEMICAL DATA 

Thermochemical c a l c u l a t i o n s  a r e  u s u a l l y  i n  a  form from 
which the  s e v e r a l  d e r i v a t i v e s  o r  s lopes  r equ i r ed  f o r  
e v a l u a t i o n  of Equat ion ( 8 )  may r e a d i l y  be determined.  I n  
p a r t i c u l a r  t h i s  has been done f o r  t he  ~ ~ 0 ~ / 5 0 - 5 0  UDMH-N2H4 

combination, and r e s u l t s  a r e  p resen ted  i n  t h e  fo l lowing  
f i gu re s  . Figure  1 shows T  and C* versus  r curve.  F igure  2  

C 

shows b ~ h r ~  versus  r (no te  t h e  change i n  s i g n  f o r  r e>  2 ) .  
C 

This s i g n  i n v e r s i o n  becomes s i g n i f i c a n t  s i n c e  i n  Equat ion ( 8 )  
Attachment I I I - D  t h e  second term on the  r i g h t  becomes n e g a t i v e .  
The magnitude of PC i s  a  f u n c t i o n  of the  s i g n  of t h i s  parameter .  

For t = 0+ the  p o s i t i v e  s i g n  impl ies  f u e l  l ead ,  while t he  
nega t i-ve s ign  imp l i e s  o x i d i z e r  l e a d .  P h y s i c a l l y  t h i s  means 
t h a t  i f  M c  i s  l a r g e  enough, f u e l  l ead  w i l l  y i e l d  h igh  PC f o r  

t = O+ while  o x i d i z e r  l ead  y i e l d s  more moderate va lues .  This 
i s  a p l a u s i b l e  exp lana t ion  of t h e  tendency of hard s t a r t s  
( s p i k i n g )  t o  be a s s o c i a t e d  wi th  f u e l  l e a d .  

Note f u r t h e r  t h a t  i f  M c  i s  sma l l  enough o r  i f  i s  sma l l  

a t  t = 0+ the  t h e o r e t i c a l  kard s t a r t  condi t ion 'may  be removed. 
The f  orementioned conclusions  have been v e r i f i e d  expe r imen ta l ly .  

Figure  3 shows a / / ~  rc versus  r and i n d i c a t e s  a  s i g n  
C 

change a t  rc = 1.3. For f u e l  l ead  o r  f u e l - r i c h  mixture t he  

? lope  i s  p o s i t i v e ,  hence s t a b i l i z i n g ;  f o r  o x i d i z e r  l ead  o r  
o x i d i z e r - r i c h  mixture the  s l o p e  i s  nega t ive ,  o r  des  t a b i l i z i n g .  
The magnitude i s  a l s o -  a  f u n c t i o n  of PC. 

F igure  4 shows P  versus  !@ f o r  var ious  mixture r a t i o s  and 
C 

i n d i c a t e s  t h a t  3 pc/$ P i s  p r a c t i c a l l y  independent of mix,ture 

r a t i o  f o r  r ) 1. 
C 

and 0.2(f < 0.07.  

The p rev ious ly  descr ibed  d a t a  a r e  used t o - e v a l u a t e  engine 
performance and s t a b i l i t y  bo?.~ndar ies .  
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ATTACHMENT 1 1 1 - D  

A .  DERIVATION OF EQUATIONS 

Primary c o n s i d e r a t i o n  w i l l  be g iven  t o  o b t a i n i n g  chamber 
p r e s s u r e  t ime response  a s  w e l l  a s  low frequency s t a b i l i t y  cha r -  
a c t e r i s t i c s .  For t h e  p r e s e n t ,  homogeneous mixing throughout  t h e  
chamber i s  assumed. The pe r tu rbed  chamber p r e s s u r e  v a r i a t i o n  i s  
assumed t o  be t h e  sum of o t h e r  parameter  v a r i a t i o n s  and i s  
w r i t t e n  a s :  

The equil ibri-um equa t ion  o r  equa t ion  of s t a t e  i s  assumed 
t o  be def ined  by a  modif ied  v e r s i o n  o f  t h e  p e r f e c t  gas  law. Th i s  
modif ied  v e r s i o n  i s  used s i n c e  s t a t i c  c o n d i t i o n s  do n o t  e x i s t  i n  
t h e  chamber a s  a  r e s u l t  of  che~ni-cal r e a c t i o n  and flow through t h e  
chamber. The equa t ion  i s  w r i t t e n  a s :  

P c V = M R T  

o r  more g 'eneral ly  

P  c1 ( t )  V =  R M c  ( t  -cm) T ( t  -I-"$=') 

r4 
The 1 term i s  a  t ime d e l a y  f u n c t i o n  and imp l i e s  t h a t  pv a t  t h e  
p r e s e n t  time equa i s  PIc RT a t  rt u n i t s  of  t ime e a r l i e r .  ( s e e  
Attachment 111-B) T h i s  approach a l l ows  one t o  s tudy  t h e  p roces s  
by vary ing  Tt which i s  a n  i n d i d a t i o n  of thermal and combustion 
l a g s  i n  t h e  chemica l .p rocess .  

Dividing Equat ion 1 by A t  and assuming, 

l i m  A PC- = d  PC 
7 n t  +,? dt, 

y i e l d s  
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?'i-iermoc.ller~iica I c ; ~ !  cu la t , l  ons have shown  hat tempera tu re  v a r i a  t i  or) 
i :; s i r o n g l  y i n f  1 uericed by mix tu r e  r a t i o ,  T h i s  v a r i a t i o n  i s  
i'ipl~r o x i ~ n ~ j t e d  a s ,  

AT - f ( r e )  - A r c ;  rc = ( r a t i o  by mass) (4) 
3 Wf 

Equa t i on  ( 4 )  wi-th r e s p e c t  t o  t ime becomes 

S i m i l a r l y  we have 

combining Equa t ions  (2), ( 3 ) ,  ( 4 )  and ( 5 )  w i t h  Equa t ion  (1) 
y i e l  d s :  I 

Obse rva t ion  r e v e a l s  t h a t  t h e  p a r t i a l  d e r i v a t i v e  terms on 
t h e  r i g h t  of Equa t ion  ( 8 )  a r e  t h e  s l o p e s  of  cu rve s  a v a i l a b l e  from 
tllcrmochemical c a l c u l a t i o n s .  These s l o p e s  may r e a d i l y  be ob t a ined  
Aitachrrient 111-C and used a s  d a t a  i l lpu t s  t o  t h e  cornputel> requil-ed 
i':j12 o b t a i n i n g  PC ( t  ) . 

It must be ernphasized hel'e t l r i d ~  m ix tu r e  r a t i o  i n  Equat ion  
(8) is d p f i n e d  a s  t h e  rnass r a t i o  of  o x i d i z e r  t o  f u e l  c o n c e n t r a t i o n  
if) the rhambpr avrd not i,i.lr-. I m r s  f l  ow r a t e  r a t i o  a s  t l ie [nore eon- 
V F ' Y ) ~  lorla1 defy i ~ i t i o r l  ilnpl i es, T h i s  d e f i n i t i o n  i s  t ~ r ~ p o r t a r i t  for 
LW r.eaLuns: Ff rst, "r,llt- they rriocheinic aI c d l c u l a t i o i l s  are bascci on 



i i . 1 ~  c- l t  f ' i  t i i tLon,  arid second,  ex1 r7en?c l ' l u c i  o a t i o n s  i n  ~ i x t i l r c  
ratio may ~ x j s t  i n  t h e  rhamber w l - l i l c l  ~ i ~ e  average  flow r a t e  
d:viaticii? i n  t h e  l i q u i d  s t a t e  i s  neg l i g i i 2 l e .  The l a t t e r  r e a s o n  
niay be be t t e l l  unders tood when one r e c a l l s  t h a t  t h e  a c t u a l  mass 
i n  t h e  c h a n i b ~ r ,  f~>orn which combustion c h a r a c t e r i s t i c s  a r e  ob t a ined ,  
i s  q u i t e  sma l l .  Consequent ly ,  smal l  f l u c t u a t i o n s  i n  l i q u i d  
I ' i o w  r a t e s  i n  t h e  i n j e c t o r  a r e  c apab l e  o f  producing l a r g e  i n s t a n -  
t aneous  changes in  mix tu r e  r a t i o  i n  t h e  chamber. Tlle d i s t i n c t i o n  
i s  a l s o  impor tan t  when f u e l  l e a d  and o x i d i z e r  l e a d  e f f e c t s  a r e  
ev:il u a t ed .  

PROPELLANT FLOW EQUATIONS 

C o n t i n u i t y  and mass c o n s e r v a t i o n  demands 

Assuming t h e  nozz l e  i s  choked f o r  t h e  e n t i r e  p r o c e s s  

TJsing ( ( 3 )  and ( 1 0 )  we have 

Flow through t h e  i n j e c i o ~ ?  f o r  o x i d i z e r  and f u e l  
r e s p e c t i v e l y  i s  g iven  a s :  

By d e f i n i t i o n :  
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SCIiEDlATIC OF' ANALOG SIMULATION 

A schematic diagram of the analog simulation is shown in 
Figure 5. The figure as shown represents a "module" since the 
line dynamics are represented in a form suitable for attachment 
t c )  another propellant line yielding a model suitable for multi- 
engine system analysis. The stability derivatives occurring in 
Equation (8) were inserted in the analog loop by use of function 
generators available for this purpose. Time delay modules 
were used to simulate time delay effects in the supply line 
dynamics and thermodynamic loop. The resulting major loop 
(module) is employed to investigate step response as well as low 
frequency instability. 

This module concept has been used for evaluation of 
coup1 ing in mult i-engine systems. 
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ATTACHMENT 111-E 

FUEL DISTURBANCE - SENSITIVITY --- 

Experience has shown that intermittant flow'disturbances 
in the fuel feed line produces chamber pressure oscillations. 
The equations will now be examined to determine whether some 
information may be obtained which will explain this phenomena. 

. Assume that the engine is operating in the steady-state, 
or r = 0. Then PC becomes, 

Since the system is in the steady state 

(b) if (t - tf) = w (t) 
(4 PC (t - tt) = PC (t) 

consequently Wc is given as 

Using V. 2 in V. 1 and simplifying yields, 

where: $ = Ve* 
RgAt 

Since, (imposing conditions V. 1 (a), (b) and (c)) . 
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And 

W r + r  = W (a first orderdifferential v.5 f -  c c TO-- 

mf Wf equation) 

Notice that Wf in Equation V . 5  is the weight concentration 
of propellant in the chamber. If = 0 we then have the iden- 
tity r, = re. If Wo is.perturbed the identify still holds 
r 7 r . Thus varying Wo produces a small change in re. However, 
if Wf 5s disturbed, then rc at any subsequent time must be determined 
by solving the first order differential equation. As an example, 
if Wf is a "time" constant, equation V.5 may then be written as, 

where ,T= W T.i: 

Wf 
,/ 

- 
'0 = r (the time average mixture ratio). 

Wf 

Note that in the steady state, rc = 0, we have 

or the mixture ratio by weight in the chamber does indeed equal 
the average mixture ratio. 

Let us now assume that r, is capable of changing more 
rapid than T so much so that T may be assumed constant as re 
is disturbed. This is equivalent to assuming that large 
instantaneous changes may be made in very short time intervals 
in r, with little or negligible change in average mixture rate 
weak function compared to -F, or that T is "almost" constant the 
solution to the differential equation V . 6  becomes, 

where C is an arbitrary constant, 
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To obtain an estimate of C Qifferentiate Equation V . 7  
and assume for initial condition, rc = 0 when t = 0, we have, 

Equation V , 7  now becomes, 

For this linearized condition the mixture ratio by 
weight in the chamber is related to the average mixture ratio in a 
peculiar manner. The time constantr which governs the nature 
of transient response as given by Equation V . 8  is independent 
of the oxidizer properties which appear only in the r a n d F  
terms. Thus for an oxidizer disturbance, "P" is not grossly 
affected and the resulting r, change as a function of time will 
be mild. However, if a disturbance occurs in the fuel line T' is 
altered and subsequently the magnitude and decay rate are 
affected resulting in a more drastic change in re, or a dynamic 
situation is initiated. This discussion gives a rather weak 
mathematical picture of the phenomena, but tends to agree with 
observed data, 


